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ABSTRACT 
 
Phytophthora cinnamomi is a broad host range pathogen responsible for the degradation of 
many natural and cultivated ecosystems worldwide. For most biomes, numerous woody plant 
species are susceptible hosts and are killed after infection. Two unresolved phenomena with 
regards  to  the  life-cycle  of  P.  cinnamomi  were  addressed  in  this  study.  Firstly,  an 
investigation was conducted to determine how this poorly saprophytic pathogen persists in the 
long-term in the absence of susceptible hosts. Secondly, it is not known how P. cinnamomi 
survives the long hot and dry summers of Mediterranean environments. Infested black gravel 
landscapes within the Eucalyptus marginata (jarrah) forest of South-West Western Australia 
were suitable areas to address both knowledge gaps. 
Native annual  and herbaceous  perennial  plant species common to  severely infested black 
gravel sites were screened as possible hosts by controlled inoculation experiments and by 
sampling plants from the natural environment. Secondly, it was tested how long P. cinnamomi 
can survive on naturally infested black gravel sites in the absence of any living plant material. 
Vegetation was removed by herbicides, and pathogen survival monitored over 28 months.  
Based on the sampling of plants from the natural environment and from controlled inoculation 
experiments, it was evident that the majority of annual and herbaceous perennial plant species 
screened were infected by P. cinnamomi but most were asymptomatic hosts. These species 
are  clearly  a  reason  why  P.  cinnamomi  can  survive  indefinitely  on  infested  sites  in  the 
absence of susceptible woody host species.  Transmission electron microscopic examination 
demonstrated that haustoria were produced in some annual and herbaceous perennial species 
and indicated for the first time that P. cinnamomi can colonise plants as a biotroph, without 
becoming necrotrophic. This is the first time haustoria have been shown to be definitively 
produced by P. cinnamomi in continuously asymptomatic plants. Survival propagules, in the  
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form of oospores, thick-walled chlamydospores  and stromata were also  observed in these 
naturally  infected  species.  Mating  tests  showed  that  the  oospores  were  selfed  by  the  A2 
mating type, and were produced in abundance with as many as 400 mm
2 of plant tissue. 
Selfed oospores have not been observed previously in naturally infected plants. Thick-walled 
chlamydospores were also produced in abundance, and both propagules types were shown to 
survive the environmentally adverse summer months and germinate when conditions were 
conducive  the  following  autumn.  Finally,  stromata  were  observed  in  the  majority  of 
asymptomatic  hosts,  and  have  never  been  observed  previously  for  P.  cinnamomi.  These 
stromata were shown to provide the nutrients for the prolific oospores numbers observed. 
28  months  after  vegetation  was  killed  by  the  herbicide  treatments  no  P.  cinnamomi  was 
recovered from the soil, indicating that the pathogen can be eradicated from a site, when no 
living host material is present.  
This study has made major and significant contributions to our understanding of the life cycle 
of P. cinnamomi under natural conditions. The ability of the pathogen to grow as a necrotroph 
or endophytic biotroph indicates that the pathogen has evolved a range of  growth modes 
allowing it to persist in an ecosystem regardless of whether susceptible hosts are present or 
not. It is likely, that similar studies in other natural ecosystems in Australia or elsewhere will 
provide similar results.  The ability to eradicate the pathogen in a relatively short time period 
through  the  removal  of  host  material  provides  many  opportunities  for  the  control  of  this 
pathogen in managed and natural ecosystems. 
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CHAPTER 1 
 
General Introduction 
 
1.1 The genus Phytophthora and P. cinnamomi 
1.1.1 Taxonomy 
The genus Phytophthora is placed within the kingdom Stramenopila together with diatoms 
and  brown  algae  rather  than  the  kingdom  Fungi  (Hardham  and  Blackman  2010)  as  its 
morphological similarities to fungi are only of an analogous nature (Blair et al. 2008). The 
current  taxonomic organisation above  the  genus level  is  likely to  receive a revision with 
increasing molecular sequence data (Beakes and Sekimoto 2009). The genus Phytophthora 
belongs to the class Peronosporomycetes, a renaming of the class ‗Oomycetes‘ by Sparrow 
and supported by Dick (Beakes and Sekimoto 2009). However, the traditional class name 
‗Oomycetes‘ from 1879 is valid and commonly preferred (Beakes and Sekimoto 2009). Its 
members share together with the remaining Stramenopiles the taxon-defining possession of 
tubular hairs on the anterior flagellum of motile spores (Van de Peer and De Wachter 1997). 
The most suitable common name is therefore not ‗fungus‘, but ‗water mould‘, which refers to 
the  necessity  of  free  water  for  sporulation  and  release  of  the  characteristic  biflagellate 
zoospores (Erwin and Ribeiro 1996). The main differences between water moulds and fungi 
are their diploid somatic nuclei, coenocytic hyphae, cellulosic cell walls, storage reserves and 
tubular mitochondrial cristae (Abad 2008).  Separation of Phytophthora  from the Fungi is 
further  reinforced  by  comparisons  of  protein  and  genome  sequences  (Tyler  2006). 
Traditionally, identification of the different Phytophthora species relied on morphological 
features of mycelium, sporangia, oospores, chlamydospores as well as colony patterns and CHAPTER 1: GENERAL INTRODUCTION 
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physiological  features  such  as  optimum  growth  temperatures  (Abad  2008).  However, 
morphological  features  can  be  ambiguous  (Blair  et  al.  2008),  variable  (Abad  2008)  and 
difficult  to  apply  when  using  them  to  distinguish  between  species  (Burgess  et  al.  2009). 
Furthermore,  morphological  similarities  between  different  Phytophthora  species  do  not 
always reflect natural assemblages as these features have evolved independently numerous 
times (Burgess et al. 2009). 
There are 117 species within the genus Phytophthora supported by the molecular approach 
(Kroon  et  al. 2012).  An extrapolation  of  Brasier in  2007 estimated that the  genus  might 
expand to a total between 140 and 540 species (Brasier 2009). Using the South-West Western 
Australian region as an example, the improved distinction of Phytophthora species is now 
able to differentiate several species from species complexes such as the P. megasperma and 
P. citricola complex where in the latter case unexpectedly none of the 73 tested isolates from 
the region were P. citricola (Burgess et al. 2009). One such species is P. multivora (Scott et 
al. 2009).  Besides differentiation within complexes, new species were also described, such as 
P. bilorbang sp. nov. (Aghighi et al. 2012). 
The study of Cooke et al. (2000) has established ten clades, in which P. cinnamomi is situated 
in clade 7a together with P. cambivora and P. fragariae. 
1.1.2 Distribution and origin 
The  genus  has  a  worldwide  distribution  and  is  mainly  terrestrial,  with  some  taxonomists 
including aquatic species (Brasier and Hansen 1992). Species occur in climate zones from 
cool-temperate to tropical, and while some species are host specific, others have a broad host 
range and grow either as biotrophs, hemibiotrophs or necrotrophs causing primary infections 
of plant tissues with airborne spores via wind and water droplets on leaves, stems or flowers 
(e.g. Phytophthora infestans) or soilborne on roots or collar (e.g. P. cinnamomi) (Brasier and 
Hansen 1992). Fossil records of the Oomycetes were not conclusive (Brasier and Hansen CHAPTER 1: GENERAL INTRODUCTION 
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1992),  however  since  2006  fossil  records  increase  where  the  characteristic  oogonium-
antheridium complexes are visible and refute the long-standing assumption that these are too 
delicate to be preserved (Krings et al. 2011). As most of the host tissues were interpreted as 
asymptomatic, Krings et al. (2011) concluded that within the Devonian and Carboniferous 
(approx. 400 000 000 years ago) these oomycetes lived as endophytes. 
There is evidence that the worldwide occurrence of the genus Phytophthora is a result of 
recent human activity involving movement of infected plants and soil rather than biological 
dispersal away from the centre of its origin. The best-documented anthropogenic dispersal of 
an oomycete pathogen is P. infestans, with several migration events in history being traced in 
detail  (Fry  2008).  The  role  of  invertebrate  animal  dispersal  has  been  demonstrated  for  a 
number of Phytophthora species such as tent-building ants (Evans 1973) and beetles (Konam 
and Guest 2004) for P. palmivora on cocoa trees or snail and ant vectoring of P. citricola 
across avocado trees (El-Hamalawi and Menge 1996) and clementine trees (Alvarez et al. 
2009). P. cinnamomi remained viable under experimental conditions as chlamydospores in 
faeces of termites and two bird species native to the Western Australian jarrah forest (Keast 
and Walsh 1979). Other vertebrates have been found to vector P. cinnamomi such as trapped 
feral pigs which carried viable inoculum in soil attached to hoofs (Kliejunas and Ko 1976).  
Ingestion  experiments  have  shown  that  the  pathogen  remains  viable  when  ingested  by 
domestic pigs (Li 2012). It is therefore likely that fauna can disperse Phytophthora species in 
natural environments. 
Hyder et al. (2009) considered that oomycete pathogens can be dispersed through oospores 
entering the food chain, as they proved the viability of oospores passing the digestive tracts of 
larval fungus gnats and adult shore flies in the case of Pythium aphanidermatum. Oospores 
have shown significantly higher germination percentages when ingested, such as oospores of 
Phytophthora megasperma with an increase from 5% to 93% after passing through the snail CHAPTER 1: GENERAL INTRODUCTION 
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gut of Helix aspersa (Salvatore et al. 1973). Enhancement of germination may also apply for 
chlamydospores and oospores of P. cinnamomi. Spore dispersal by ingestion might be more 
effective in establishing new colonies than dispersal by attachment to animals.  
Limited  documentation  on  origin  and  distribution  is  available  for  P.  cinnamomi.  This 
soilborne pathogen was first identified in Sumatra by Rands in 1922 as the causal agent of 
stripe canker of the cinnamon tree, Cinnamomum burmannii. Several theories exist on the 
centre of origin based on two criteria: Firstly, genetic variability (in both mating types) should 
be  higher  than  in  places  where  it  has  been  accidentally  introduced  (Vavilov‘s  rule)  and 
secondly  it  should  occur  in  relative  balance  within  the  ecosystem  without  permanently 
altering it, implying that  vegetation  should be  composed of  resistant and tolerant  species 
(Zentmyer  1980).  Consequently,  this  would  also  imply  that  the  necrotrophic  mode  of  P. 
cinnamomi would be less prevalent in its native habitat compared to the destructive behaviour 
observed in alien habitats. This raises the question, whether the pathogen acts as a biotroph or 
endophyte in the balanced native environment? 
In a detailed summary of research on the topic of origin, Zentmyer (1980) demonstrated the 
difficulties associated with the attempt to pinpoint the centre of origin based on the criteria of 
high genetic variability and balance within the ecosystem. Besides the difficulty of obtaining 
sufficient numbers of isolates to assess genetic variability, flora resistant to the pathogen does 
not necessarily need to be correlated with the pathogen being indigenous in a region, and 
furthermore, plants within a region might be susceptible, but interacting abiotic and/or biotic 
factors such as suppressive soil properties might reduce the real impact on the vegetation. In a 
recent review on P. cinnamomi (Cahill et al. 2008) stated that the majority of research now 
dismisses low-impact areas of eastern Australia as an indigenous habitat, especially as genetic 
and molecular studies since the early 1980‘s onwards have accumulated evidence for a recent 
arrival with only three clonal lineages reported in Australia (Dobrowolski et al. 2003). For the CHAPTER 1: GENERAL INTRODUCTION 
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South-West  Botanical  Province  of  Western  Australia,  aggressive  disease  fronts,  severe 
alteration of the plant communities with many species being endangered directly or indirectly 
and historical evidence (e.g. aerial photography) and an obvious pattern of spread along roads 
and  walk  trails    strongly  support  the  view  that  P.  cinnamomi  is  not  endemic  to  these 
ecosystems.  
1.1.3 Asexual and sexual reproduction 
Together with other species of the genus, P. cinnamomi is a very adaptable organism, being 
described as an opportunistic pathogen as it has the ability to infect a wide range of plant 
species within many ecosystems throughout the world (Cahill et al. 2008). The pathogen can 
survive  in  relatively  unfavourable  environments,  presumably  due  its  ability  to  produce 
dormant structures and  its fast life cycle. The competitive advantage  P. cinnamomi holds 
against other plant pathogens is due to its fast developmental processes.  It is estimated that it 
only takes 8 hours to complete the asexual lifecycle under optimal conditions (G. Hardy 2012 
pers. comm.) with zoospore formation occurring within minutes and is – together with other 
oomycetes - regarded as one of the fastest developmental processes within any biological 
system (Walker and Van West 2007). 
Phytophthora  species  have  strongly  reduced  unicellular,  rarely  bicellular  gametangial 
structures, the oogonium and antheridium. Meiosis occurs within a short sexual phase in the 
nucleus of the oogonium resulting in production of oospores (Irwin et al. 1995).  In the case 
of homothallic species such as P. multivora both gametangial structures are found on the 
same individual, whereas for heterothallic species e.g. P. cinnamomi individuals contain one 
or  the  other  type  of  reproductive  structures.  It  is  not  practicable  to  apply  the  concept  of 
sexuality on heterothallic species, as both types (A1 and A2) can provide the antheridium or 
oogonium (Elliott 1983). However, within heterothallic species, autogamy (selfing) triggered 
by the presence of the opposite mating type, or various other stimuli can also occur. Reeves CHAPTER 1: GENERAL INTRODUCTION 
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and Jackson (1974) summarised earlier observations on P. cinnamomi dating back to 1929 
where Ashby observed occasional oospores in aged maize agar cultures. Zentmyer reported in 
1952 that single isolate cultures of P. cinnamomi readily form oospores in the presence of 
avocado root extracts. Other observations of selfed oospore formation include when cultures 
were grown on oat grains (Royle and Hickman 1964), were exposed to Trichoderma viride 
(Reeves and Jackson 1972; Brasier 1975) or after various forms of mechanical damage to 
hyphae (Reeves and Jackson 1974). More recently Jayasekera et al. (2007) observed oospore 
formation  of  P. cinnamomi  in  planta  (inoculated  Lupinus angustifolius) when exposed to 
Acacia  pulchella  roots  or  rhizosphere  soil.  This  supports  the  view  that  selfing  of  the 
heterothallic P. cinnamomi might frequently occur in nature and demonstrates that selfing can 
potentially occur in the jarrah forest. It has also been observed that the mating type is unstable 
under certain conditions and can temporary switch to the opposite mating type which may 
lead  to  formation  of  abundant  oospores  (Shaw  1983).  For  instance,  an  A1  isolate  of  P. 
cinnamomi  was  converted to  A2 by  ethazol  and reverted back to A1  by  chloroneb, both 
fungicides (Ann and Ko, unpublished data in Ko 1988).     
Ko (1978) placed membranes as hyphal barriers between mating types and concluded that 
oospore formation occurs by substances diffusing through the membrane, namely hormone α
1 
and α
2 produced by mating types A1 and A2, respectively. Recently, the identification of the 
exact stereostructure of hormone α
2, its
 synthesis and proof of interspecies universality has 
been achieved (Ojika et al. 2011), which explains how mating of two different Phytophthora 
species  e.g.,  P.  cryptogea  and  P.  cinnamomi  can  trigger  oospore  formation.  In  another 
experiment  (Molli  et  al.  2012),  α
1  and  α
2  mating  hormones  of  Phytophthora  have  been 
synthesised  and  functional  groups  altered,  and  has  demonstrated  that  synthetic  mating 
hormones require the same functional groups as the naturally produced molecule. CHAPTER 1: GENERAL INTRODUCTION 
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Another mode of reproduction is the formation of hybrids between different Phytophthora 
species. This has been demonstrated under laboratory conditions such as between P. capsici 
and  P.  nicotianae,  whose  interspecific  hybrid  presented  modifications  in  pathogenic 
behaviour, in particular to the host range of the hybrid compared to the parent Phytophthora 
species (Érsek et al. 1995). Recently, an interspecific hybrid in the natural environment has 
been  detected  and  described  as  P.  alni,  and  was  determined  to  be  a  cross  between  the 
heterothallic  P.  cambivora  and  a  Phytophthora  species  similar  to  the  homothallic  P. 
fragariae.  The  hybrid  species  morphology  is  very  similar  to  P.  cambivora,  but  it  is 
homothallic and can severely infect Alnus species (Alder), on which the parent species are not 
pathogens (Érsek and Nagy 2008). Whilst hybrid Phytophthora species are difficult to detect 
in nature, these have been detected in agricultural settings (Man in 't Velt et al. 1998; Man    
in  't  Velt  2007)  or  created  in  the  laboratory  (Érsek  et  al.  1995)  and  suggest  incomplete 
formation  of  reproductive  boundaries  in  the  speciation  process  of  closely  related 
Phytophthora  species  and  increased  risk  of  new  pathogens  arising  rapidly  (Hansen  et  al. 
2012; Kroon et al. 2012).  
 
1.1.4 Morphology in relation to survival 
In relation to survival capacity, structures with thick walls and separation by a septum are 
generally thought of being more resistant to environmental conditions than thin-walled and 
non-septate structures (Mircetich and Zentmyer 1966; Hwang and Ko 1978; Weste 1983).   
Hyphae 
Hyphae (singular: hypha) grow apically and form the thallus called mycelium (Erwin and 
Ribeiro 1996) which produces different patterns depending on the growth media used. For 
example,  when  grown  on  Potato  Dextrose  Agar  (PDA),  most  isolates  produce  a  typical 
camellioid or rosette pattern (Zentmyer 1980).  Hyphae of the genus Phytophthora are non-CHAPTER 1: GENERAL INTRODUCTION 
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pigmented,  hyaline  and  5  to  8µm  in  diameter  (Erwin  and  Ribeiro  1996).  Those  of  P. 
cinnamomi are distinguishable by several features. They are broad, sometimes up to 9µm in 
diameter  (Gerretson-Cornell  1983),  typically  coralloid  with  sessile,  terminal  or  lateral 
swellings, which are spherical in shape and produced singly or in clusters (Ho and Zentmyer 
1977). The hyphal wall is about 0.2µm thick and can thicken with age (McCarren et al. 2005). 
On  older  hyphae,  botryose  swellings  dominate  (Zentmyer  1980).  The  swellings  are  not 
isolated  by  a  septum  from  the  rest  of  the  hyphae  in  contrast  to  the  clusters  of  spherical 
chlamydospores produced by the mycelium (Zentmyer 1980). Hyphae of P. cinnamomi are 
considered to be the least durable life form of the organism as lysis of the thin coenocytic 
hyphae occurs frequently through bacterial activity (Nesbitt et al. 1981). However, the ability 
of the pathogen to produce septa with age, and the hyphal thickenings might increase their 
durability,  especially  if  it  is  located  in  buffered  zones  such  as  root  tissue.  It  has  been 
postulated, that plant derived lignitubers enclose invading hyphal tips of P. cinnamomi as an 
unspecific defence against penetration but this could be to the advantage of the pathogen, as 
the hyphae are potentially protected from dehydration and microbial decomposition (T. Jung 
2010 pers. comm.).  
Lysing mycelium has been shown to indirectly contribute to survival of the pathogen as this 
triggers sporangium production (Malajczuk et al. 1983) and potentially chlamydospore and 
oospore production as a stress response. 
Sporangia 
Sporangia  (singular  sporangium)  are  formed  on  the  apical  ends  of  the  mycelium  when 
conditions are favourable and are responsible for producing zoospores. Especially important 
for  the  inducement  of  sporangial  formation  is  the  availability  of  moisture  and  suitable 
temperature (Erwin and Ribeiro 1996) but also nutritional status (Hardham and Hyde 1997). It 
has been found that certain bacteria are capable of triggering sporangial production and for CHAPTER 1: GENERAL INTRODUCTION 
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this reason soil extracts have been useful to stimulate sporangial production when working 
with  sterile  cultures  (Zentmyer  1980).  There  is  a  basal  septum  between  the  base  of  the 
sporangium and sporangiophore which in caducous species such as P. infestans is the point of 
detachment, allowing dispersal of sporangia over several kilometres (Judelson and Blanco 
2005). In non-caducous species such as P. cinnamomi, the sporangium stays connected and 
released zoospores are the unit of dispersal. When exposed to unsuitable temperature, lack of 
water, microbial antagonism or plant defence, sporangia can germinate directly by a germ 
tube (Zentmyer 1980) leading to the production of new sporangia by internal or external 
proliferation as well as sympodial branching just below the empty sporangium (Erwin and 
Ribeiro  1996).  These  secondary  sporangia  increase  the  probability  of  infection.  For  P. 
cinnamomi, a temperature between 15 to 35°C is needed for the production of sporangia 
(Nesbitt et al. 1979). Oxygen and free water have been identified as essential abiotic factors 
for sporulation of P. cinnamomi (Shearer and Tippett 1989). 
Zoospores 
These asexually produced spores are produced and released by sporangia and are capable of 
actively  swimming  to  plant  roots  through  chemotaxis,  electrotaxis,  autotaxis  or 
autoaggregation  (Walker  and  Van  West  2007).  Under  unfavourable  conditions,  such  as 
unsuccessful penetration of zoospores through the host plant tissue, durability is increased by 
encystment. The durability of encysted zoospores had been tested under different conditions 
and  have  led  to  various  results.  Studies  by  MacDonald  and  Duniway  (1978)  had                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
altered water potentials, where viability ranged from 3 to 10 weeks with better survival in 
drier soils and concluded that encysted zoospores of P. cinnamomi can be relatively resistant 
to desiccation. Cysts usually germinate directly by germ tubes that can swell to appressoria, 
but are also able to terminate with a microsporangium (Zentmyer 1980). If cysts germinate 
indirectly, a secondary zoospore is produced and released with or without a prominent exit CHAPTER 1: GENERAL INTRODUCTION 
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tube (Zentmyer 1980). As zoospore movement occurs in a typical helical path, a soil pore size 
up to three times larger than the zoospore diameter is required to prevent zoospores from 
being  trapped  and  encysting  (Erwin  and  Ribeiro  1996).  For  instance,  zoospores  of  P. 
medicagenisis (P. megasperma) are able to swim 65 mm through sandy loam soil with an 
average pore size of >190µm, but rarely more than 24mm through a silt loam soil with an 
average of <120µm (Pfender et al. 1977). Motility of zoospores ranges from one to 84 hours 
depending largely on temperature and pH (Erwin and Ribeiro 1996).   
Chlamydospores 
Some  species,  such  as  P.  cinnamomi,  produce  asexual,  mostly  globose  structures  called 
chlamydospores  which  are  separated  from  the  mycelium  by  septation.  Those  are  more 
abundantly produced either as a stress response or when grown in vitro in rich media such as 
V8 - especially in combination with sitosterol (Erwin  and Ribeiro 1996). The number of 
viable chlamydospores has been shown to increase in the susceptible plant species Lupinus 
luteus under controlled conditions (Serrano et al. 2012). Chlamydospores develop terminally 
or laterally by hyphal swelling, are 31 to 50µm in diameter (Rands 1922 in Zentmyer 1980) 
and  can  be  produced  singly,  in  chains  or  clusters  mixed  with  undifferentiated  hyphal 
swellings  (Hemmes  1983).  Shepherd  et  al.  (1974)  found  some  minor  morphological 
differences between A1 and A2 chlamydospores from samples isolated in New South Wales. 
A1 isolates tended to have singly produced chlamydospores of an even size, whereas A2 
isolates produced chlamydospores of variable sizes in clusters. A thickening of the inner wall 
(Waterhouse et al. 1983) occurs after full expansion and is species specific, but also depends 
on growth conditions (Hemmes 1983) and leads to thick-walled chlamydospores. Amongst 
several species such as P. cactorum and P. palmivora, P. cinnamomi has been observed to 
produce these thick-walled chlamydospores (McCarren et al. 2005). There is one report of an 
atypical P. cinnamomi isolate, which does not produce chlamydospores, P. cinnamomi var. CHAPTER 1: GENERAL INTRODUCTION 
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robiniae (Ho 2002), however it is possible that passaging through plant tissue would induce 
the  formation  of  chlamydospores.  McCarren  et  al.  (2005)  reviewed  the  role  of 
chlamydospores  of  P.  cinnamomi  for  survival.  They  concluded  that  knowledge  about  the 
durability  of  chlamydospores  in  nature  is  mostly  based  on  in  vitro  produced  thin-walled 
chlamydospores and that reports on naturally produced chlamydospores have not included 
tests for identity and viability. Thin-walled chlamydospores are characterised by a wall less 
than 1µm thick (which is nevertheless three times thicker than the hyphal wall (McCarren et 
al. 2005)) and a thick-walled type up to 2.6µm that occurs under natural conditions (Shew and 
Benson  1982).  Germination  of  thick-walled  chlamydospores  has  not  been  observed,  and 
hence most research has been done with thin-walled chlamydospores (McCarren et al. 2005). 
However, this might not reflect the behaviour of the pathogen under natural conditions.     
Oospores 
Hemmes  (1983)  and  other  authors  (e.g.  Erwin  and  Ribeiro  1996)  have  provided 
morphological details of oospores, oogonia and antheridia in different Phytophthora species. 
Oospores are recognised by thick walls and their enclosure within the oogonium, visible as 
the outer layer of the complex. In the early stages  of development  until  some time after 
maturation, the characteristic antheridium is also visible. The antheridial shape is determined 
by  the  mode  of  attachment  to  the  oogonium.  If  amphigynous,  the  oogonium  initially 
penetrates the antheridium and expands to a globose structure above the antheridium with its 
base surrounded by the then donut-shaped antheridium (Hemmes 1983). With paragynous 
species, the antheridium attaches to the oogonium and both expand simultaneously, resulting 
in a long tubular antheridial structure (Hemmes 1983). This is a stable characteristic, even 
though  paragynous  species  produce  about  1%  amphigynous  antheridia  and  five  species 
constantly have both (Waterhouse et al. 1983). However, P. cinnamomi as an amphigynous 
species, has been found to also produce between 0.2% to 10% single or multiple paragynous CHAPTER 1: GENERAL INTRODUCTION 
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antheridia when crossed and in two isolates the proportion was more than 30% (Hüberli et al. 
1997). The resulting single oospore is plerotic when it fills the oogonium or aplerotic when 
smaller (Gerrettson-Cornell 1983).  
The role of oospores for the long-term survival of P. cinnamomi is still unclear. Oospores 
generally show low germination success, often below 10%, with a higher rate in homothallic 
compared  to  heterothallic  oomycetes  (Förster  et  al.  1983).  However,  these  figures  were 
obtained with spores obtained from in vitro cultures and tested on agar. Studies on naturally 
produced oospores might well give different results.  
Increasing germination rates in ingestion experiments on oomycetes indicate that the viability 
of oospores cannot be accurately assessed without appropriate biotic factors and therefore 
more direct field observations or at least experiments with naturally derived oospores are 
needed. Questions about the importance of oospores from P. cinnamomi within Australia arise 
when considering that the A2 type is widespread but the A1 type is only occasionally found in 
Queensland,  New  South  Wales,  Tasmania,  Western  Australia  and  the  Australian  Capital 
Territory (Irwin et al. 1995), even though certain regions were reported to have a higher 
percentage  of  the  A1  type  (Pratt,  pers  comm.  in  Zentmyer  1980).  In  regards  to  Western 
Australia, the A1 type dominates across the south coast from Albany to Cape Arid as well as 
in the Fitzgerald River National Park along the Bell Track (C. Dunne 2010 pers. comm.), but 
not within the jarrah forest (G. Hardy 2011 pers. comm.). Old et al. (1984) who showed only 
low levels of variability of A1 and A2 mating types within Australia with only two isozyme 
genotypes each. This is based on analysis of genetic variation at 20 isozyme loci in 183 
isolates of P. cinnamomi from Australia and Papua New Guinea sampled from a wide range 
of hosts and locations (Old et al. 1984). The use of microsatellite markers did not detect more 
genotypes even where A1 and A2 mating type coexisted (Old et al. 1988; Dobrowolski et al. 
2003).  Research  is  needed  to  assess  if  oospores  are  formed  by  selfing  within  naturally CHAPTER 1: GENERAL INTRODUCTION 
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infected  plants  in  natural  environments.  Selfed  oospores  were  already  observed  under 
experimental conditions and in roots of avocado obtained from plantations (Mircetich and 
Zentmyer 1966), presumably under irrigated conditions; however, no further research has 
been undertaken.  
Stromata or sclerotia 
The differences between the fungal structures sclerotia and stromata are not very marked. 
Both are formed by densely aggregated hyphae, and structures analogous to stromata but not 
sclerotia have been reported in Phytophthora. The term sclerotium is used in a functional 
sense, therefore morphology and size can vary; however, some common characteristics apply 
to all. Developmentally, clustering hyphae differentiate into an outer, melanised rind with 
thickened hyphae while inner hyphae remain thin (Carlile et al. 2001). The rind tissue is very 
protective  against  desiccation  (Moore  2002).  This  compressed  aggregation  of  tuber-like 
hyphae are located on or above the host surface (Willets 1997) and detaches from the parental 
mycelium  at  maturity  which  can  also  contain  host  material  (Moore  2002).  Sclerotia 
production is widely distributed in Ascomycetes, Basidiomycetes and mitosporic fungi and 
common in species that attack herbaceous plants (Carlile et al. 2001).  
Stromata for which there is a recent report for occurrence in P. ramorum (Moralejo et al. 
2006) also form by hyphal aggregation, but are more randomised and are located inside the 
host tissue (Willets 1997). Stromata of P. ramorum are described as small hyphal aggregates 
formed by repeated branching, budding, swelling and interweaving (Moralejo et al. 2006). 
These usually darkened and were occasionally found to produce sporangia or dense clusters 
of chlamydospores.  
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1.2 Growth of Phytophthora within hosts  
1.2.1 Categories of growth 
Studies of the interaction between  Phytophthora cinnamomi and the plant host constantly 
reveal new findings at the cellular, subcellular, molecular and genetic level and highlight that 
pathogen strategies and plant defences are manifold and complex. It is therefore helpful to 
summarise and classify the interaction by applying a well-defined terminology which not only 
provides  clarity  of  the  pathogen‘s  basic  biological  strategy,  but  also  aids  to  approach 
phylogenetic questions. The terminology used is based on the fungal repertoire as oomycetes 
and  fungi  have  striking  similarities  through  convergent  evolution  (Kale  2012).  For  the 
generalisation of the interaction between Phytophthora and host plant, the mode of nutrition 
acquisition inside plant host material has been used, so members of Phytophthora have been 
divided into biotrophs, hemibiotrophs and necrotrophs, utilising the linguistic root of the word 
(Greek: -troph = nourishment).    
P.  cinnamomi  is  traditionally  classified  as  a  necrotroph.  Necrotrophic  pathogens  are 
facultative parasites that may actively kill their host by secretion of toxins (Agrios 2005) or in 
the case of P. cinnamomi by cell wall degrading enzymes (Hardham and Blackman 2010). 
However, for P. cinnamomi there are frequent observations of the pathogen being isolated 
well ahead of lesion fronts (Hüberli et al. 2000). This suggests at least in the early stage of the 
infection,  the  pathogen  grows  like  a  biotroph.  To  accommodate  these  observations,  P. 
cinnamomi has also been classified as a hemibiotroph (Greek: hemi = partial). It has been 
demonstrated with the hemibiotrophic P. sojae that the switching from a biotrophic mode to a 
necrotrophic mode is caused by production of the necrosis inducing protein PsojNIP (Qutob 
et al. 2002). Similar necrosis inducing Phytophthora proteins (NPP‘s) have been found in 
other  oomycetes  such  as  P.  capsici  (Feng  et  al.  2011)  and  the  NPP1  protein  from  P. 
cinnamomi (Choupina et al. 2009). However, as biological classifications can be restrictive CHAPTER 1: GENERAL INTRODUCTION 
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(Oliver  and  Ipcho  2004)  and  a  large  variation  of  host-pathogen  interactions  have  been 
observed  for  the  same  host  species  under  different  environmental  conditions,  it  has  been 
suggested that the current trophic terminology is inadequate for the plasticity of P. cinnamomi 
(Shearer and Crane 2012).  
Ultrastructural studies have shown that P. sojae is able to proliferate within susceptible plants 
with a minimum of visible plant responses and this is associated with formation of abundant 
haustoria which potentially source additional nutrients (Enkerli et al. 1997). Formation of 
haustoria is a characteristic feature of biotrophs (Oliver and Ipcho 2004).  Oomycete haustoria 
are spherical, lobed or digit-like (Hardham 2007). Formation of lobes or finger-like structures 
increases the haustorial surface area and highlights the importance of communication across 
the haustorium-plant interface (Gan et al. 2012). Most importantly, haustoria invaginate plant 
cells without rupturing the plant plasma membrane (Hardham and Blackman 2010). Haustoria 
therefore acquire nutrients  biotrophically without  affecting plant  cell integrity and can be 
distinguished from unspecialised penetrating hyphae, which may form hyphal swellings in 
similar locations and appearance, but rupture the plant plasma membrane, kill the host cell 
and further expand. Therefore, ultrastructural  studies on the integrity of the plant plasma 
membrane (= extrahaustorial membrane) are required for clarification. Besides the integrity, 
the formation  of an electron-dense  extra-haustorial matrix between hyphal  wall and plant 
plasma membrane is a typical feature for haustoria (Coffey and Wilson 1983; Wetherbee et al. 
1985; Enkerli et al. 1997; Mims et al. 2004).  
In  terms  of  efficiency  in  acquiring  nutrients,  biotrophic  growth  allows  the  colonising 
organism to continuously gain nutrients from functioning host cells whilst necrotrophs only 
exploit the amount available from killed cells, so they need a larger host area to support the 
same amount of hyphal network and spores.  CHAPTER 1: GENERAL INTRODUCTION 
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Haustoria-like hyphal branches of P. cinnamomi have been observed and considered to be 
haustoria (Cahill and Weste 1983; Wetherbee et al. 1985; Cahill et al. 1989) although only 
Wetherbee et al. (1985) provided evidence at the level of the electron microscope. Since this 
early work there have been no further reports of haustoria produced by P. cinnamomi. 
1.2.2 Penetration and proliferation 
Phytophthora species are either leaf or root pathogens which produce asexual sporangia. In 
caducous species these sporangia can be dispersal units whilst non-caducous species such as 
P.  cinnamomi  release  zoospores  as  the  dispersal  unit.  Infection  is  either  directly  by 
germination of the sporangia or indirectly by producing motile zoospores which survive for 
several  hours  or  days  (Hardham  2007).  Once  zoospores  are  in  contact  with  roots  of 
susceptible or resistant species (Cahill et al. 1989), they typically attach by orientating with 
their ventral side towards the plant surface, encyst, detach their flagella, secrete adhesives and 
produce a turgor resistant cell wall (Hardham 2007). A germ tube grows out from the centre 
of the ventral side (Hardham and Blackman 2010) and orientates chemotropically towards a 
suitable penetrating site, preferably grooves on the epidermis with an underlying anticlinal 
wall (Enkerli et al. 1997; Hardham 2001). When attached to the plant surface, a functional 
appressorium forms and it is likely that cell-wall degrading enzymes, adhesives and counter-
defence molecules are produced in this region (Hardham 2007).     
Hardham and Blackman (2010) draw attention to the formation of wall appositions as a key 
aspect of basal defence. According to Aist (1976), de Bary noted in 1863 ensheathing wall 
appositions described as cell wall ingrowths in the form of callose deposits as a response to 
fungal attack and correlated these to the failure of further fungal proliferation.  Fellows (1928) 
observed that these protuberances elongate in front of penetrating hyphae and contain lignin 
and termed them lignitubers in accordance to shape and material. Since then several other 
terminologies have been used (e.g. cell wall appositions, papillae or callosities) and other CHAPTER 1: GENERAL INTRODUCTION 
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components identified (e.g. suberin, cellulose, proteins and pectic substances (Leroux et al. 
2011). Furthermore, phenolic compounds also aggregate and act as a structural barrier at the 
inner surface of the host cell wall without disrupting the host plasma membrane (Soylu et al. 
2004). The formation of these wall appositions is also an unspecific response to cell injury as 
observed with microneedle insertion into cells which triggers the same response (Griffiths and 
Lim 1964). To my knowledge, the first ultrastructural studies of lignitubers by laser scanning 
confocal microscopy, scanning and transmission electron microscopy were made by Leroux et 
al.  (2011)  from  roots  of  several  Asplenium  species  and  confirmed  that  they  immobilised 
infecting fungi.  
Hardham and Blackman (2010) provide an overview on the findings of plant defence at the 
cellular and subcellular level. Cell organelles such as the nucleus, endoplasmic reticulum, 
golgi bodies and peroxisomes reorientate towards the infection site and are likely to produce 
wall  appositions  and  toxins  antagonistic  to  the  pathogen.  Furthermore,  disease  resistance 
genes are up-regulated. These changes also occur during mechanical stress such as needle 
pressure, imitating the force exerted by hyphae and therefore present an unspecific response 
to  a  physical  signal.  However,  purified  Phytophthora  elicitors  trigger  certain  defence 
responses and there is evidence that receptors in the plasma membrane detect these chemicals 
specific to Phytophthora.  
Some  species  tolerant  or  resistant  to  Phytophthora  show  a  secondary  defence,  the 
hypersensitive response (HR) by programmed rapid cell death, that isolates the infected cells 
from healthy cells. It is triggered by recognition of elicitins and/or effector proteins, produced 
by pathogens such as Phytophthora (Schornack et al. 2009). More research is needed on 
extremely  susceptible  plant  species,  such  as  the  many  members  of  the  Proteaceae,  to 
investigate if they lack Phytophthora specific receptors. Another interesting focus would be 
whether geographic differences in susceptibility of the same species are responsible for the CHAPTER 1: GENERAL INTRODUCTION 
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different levels of resistance. This links to the more general question if the variability  in 
susceptibility is genotypic or due to site factors (Cahill et al. 2008).  
1.2.3 Alternative perspective of categorising Phytophthora-plant interactions 
As  mentioned  above,  Phytophthora  species  have  been  categorised  as  biotrophic, 
hemibiotrophic or necrotrophic, mainly defined by how nutrients are acquired from the host 
plant. No attempts have been made to view Phytophthora from the perspective of whether it is 
able to function as an endophyte, possibly because the dominant definition of an endophyte 
excludes pathogens and states that colonisation should be asymptomatic at all times (Sieber 
2002). However, based on the literal meaning coined by De Bary in 1866 (Greek: endon = 
within; phyton = plant) it suggests a broader definition and should include organisms causing 
disease within a host plant (pathogens) (Sieber 2002). This is supported by two key findings.   
Firstly, experiments showed that plants and classical endophytes produce toxins against each 
other leading to either stability or imbalance (Peters et al. 1998; Schulz et al. 1999; Schulz 
and Boyle 2005; Kogel et al. 2006) and implies that either 
a) pathogens can become endophytes when in equilibrium with their host plant, 
b) plants can increase defence and exclude the endophyte, or 
c) endophytes can become pathogenic under specific conditions.  
The shift to a pathogenic mode occurs regularly with ‗latent pathogenic endophytes‘ such as 
in  conditions  where  the  host  is  stressed  (Sakalidis  et  al.  2011).  Secondly,  Freeman  and 
Rodriguez  (1993)  observed  that  by  mutation  at  a  single  locus,  a  fungal  pathogen  was 
converted into a non-pathogenic, endophytic mutualist which demonstrated that endophytes 
and pathogens are functionally very close. 
The endophytic perspective for typical pathogens such as Phytophthora species is very useful 
for several reasons. Firstly, the terminology offers flexibility to accommodate more recent 
understandings that fungi are able to change modes of colonisation to be more adaptable to CHAPTER 1: GENERAL INTRODUCTION 
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environmental changes including the availability of hosts (Sakalidis 2011). This might very 
well also apply to oomycetes due to their convergent evolution being analogous in many 
aspects to fungi (Tyler 2008). Secondly, it has been shown that necrotrophs and biotrophs do 
recruit these modes from the same genes (Idnurm and Howlett 2001; Van De Wouw and 
Howlett  2011),  so  a  firm  classification  based  on  the  nutritional  acquisition  is  not 
phylogenetically  nor  functionally  justified.  The  need  to  classify  certain  organisms  as 
hemibiotrophic  reflects  already  that  a  more  dynamic  concept  could  be  beneficial  when 
describing the plant-Phytophthora interaction.  
Some  authors  have  combined  the  terms  ‗biotroph‘  and  ‗endophyte‘  to  ―biotrophic 
endophytes‖  such  as  White  et  al.  (1997)  when  categorising  the  nutritional  growth 
characteristics  of  Epichloë  amarillans.  This  Ascomycete  belongs  to  the  family 
Clavicipitaceae, which are all biotrophs, but atypically do not have haustoria (White et al. 
1997).  
 
1.3 Phytophthora cinnamomi within native ecosystems in Australia    
Irrespective  of  where  the  centre  of  origin  lies,  P.  cinnamomi  has  been  spread 
anthropogenically  for  as  long  as  plants  and  soil  have  been  transported  by  people.  Even 
decades  after  identification,  little  was  known  about  the  pathogen‘s  broad  host  range  and 
survival capacity under a wide range of conditions. Consequently, it has resulted in plant 
diseases in all continents except Antarctica (Cahill et al. 2008). In a non-endemic situation, 
disease impact is accelerated by the fact that P. cinnamomi has the ability to severely damage 
and kill a broad range of vulnerable plant species in its necrotrophic mode, more so than other 
introduced Phytophthora species which are more host-specific such as P. infestans (Weste 
1983).  CHAPTER 1: GENERAL INTRODUCTION 
 
20 
 
The extent of damage in natural environments where P. cinnamomi is not endemic, is very 
severe, especially in Mediterranean climates receiving average annual rainfall of greater than 
600mm (Cahill et al. 2008). However, the full extent of the pathogen spread may not yet be 
known as recent research has shown major disease outbreaks in Mediterranean climates with 
400-600mm  rainfall  and  also  in  temperate,  maritime  and  tropical  locations  (Cahill  et  al. 
2008).  For  instance,  in  the  South-West  Botanical  Province  of  Western  Australia, 
approximately 5710 plant species (Shearer et al. 2004) can be found within this biodiversity 
hotspot with floral endemism as high as 79% (Paczkowska and Chapman 2000). Shearer et al. 
(2004) estimate that 40% of the total flora in this biodiversity hotspot are prone to infection 
by the pathogen. It infects species from a diverse range of families and has led to irreversibly 
altered plant communities in this province (Shearer at al. 2007). Currently, 86 of the 340 
declared rare flora of the South-West Botanical Province are considered to be impacted by P. 
cinnamomi with 56% of the Proteaceae, and 19% of the Myrtaceae species directly impacted, 
and 37% of the Orchidaceae and 29% of the Myrtaceae indirectly impacted due to habitat 
destruction (Shearer et al. 2007). For the Stirling Range National Park where 60% (Cahill et 
al. 2008) or even two thirds (South Coast Region NRM 2012) of the total area is impacted by 
the pathogen, 330 plant species were assessed for their susceptibility to P. cinnamomi with 
36% found to be susceptible to the pathogen (Wills 1993). In this National Park, members of 
the Proteaceae contribute 40% of the foliage cover and as 85% of Proteaceae species are 
susceptible, cover on infested sites is reduced to 10% (Wills 1993). The indirect effects of P. 
cinnamomi in terms of the loss of vertebrate and invertebrate pollinators, and loss of canopy 
and litter cover have yet to be fully determined (Calver et al. 1996; Calver and Dell 1998; 
Calver  and  King  2000).  Recently,  a  study  also  demonstrated  a  decline  in  macrofungal 
diversity on P. cinnamomi impacted jarrah forest sites (Anderson et al. 2010). Similar damage 
has  been  also  recorded  in  other  states  (Cahill  et  al.  2008)  such  as  Victoria,  where  the CHAPTER 1: GENERAL INTRODUCTION 
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floristically diverse south-west region with over 600 species is degraded in affected areas by 
killing  of  dominant  key  species  susceptible  to  P.  cinnamomi  and  replacement  by  less 
susceptible grasses (Allardyce 2011).   
1.4 Phytophthora cinnamomi in the Eucalyptus marginata (jarrah) forest 
The jarrah forest has its name from the dominant over storey tree Eucalyptus marginata and is 
located on the western edge of the ancient Great Plateau of Western Australia (Shearer and 
Tippett 1989). It is a dry sclerophyll forest with a diverse shrub layer, high endemism and 
speciation with the Proteaceae, Epacridaceae, Dilleniaceae and Myrtaceae as the main plant 
families whose roots are adapted to poor soil conditions, but vulnerable to infection by the 
introduced plant pathogen Phytophthora cinnamomi (Shearer and Tippett 1989). It was not 
until 1964, when the causality between dying jarrah forest vegetation and P. cinnamomi was 
established (Podger et al. 1965); however, by then the pathogen had been spread for already 
approximately 40 years, mainly by forest roads built in the 1930s to facilitate timber harvests 
(Dell et al. 2005). Despite other pathogenic Phytophthora species present in the jarrah forest 
(Shearer  and  Tippett  1989),  along  with  other  non-Phytophthora  plant  pathogens,  only  P. 
cinnamomi was consistently associated with severely diseased sites (Podger 1968; Cahill et 
al. 2008).  
The climate of the jarrah forest is typically Mediterranean with cool, wet winters and hot dry 
summers.  Both  seasons  are  generally  inhibitory  to  the  activity  of  P.  cinnamomi,  but  soil 
temperatures  can  be  sufficient  for  sporulation  during  winter  especially  on  sites  without 
canopy cover (Shea 1975) and was also present in an upland site (Podger 1968). Furthermore, 
temperature measurements of jarrah soils in winter have shown that at 1.5m depth a constant 
temperature of  12 to  14°C could  foster sporulation  of the pathogen  (Shearer  and Tippett 
1989). At depth during summer, inoculum stays viable in moist water-gaining lowland areas CHAPTER 1: GENERAL INTRODUCTION 
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(Shearer and Tippett 1989). It has therefore been postulated that sufficient buffering occurs at 
a certain soil depth at any time throughout the year, which allows the pathogen to survive 
(Shearer and Tippett 1989).  
Rare events of significant summer rainfall (predicted to become more frequent in the form of 
cyclonic  events  (CSIRO  and  Bureau  of  Meteorology  2007  in  Cahill  et  al.  2008)  allow 
activation of propagules and an increase of inoculum (Shearer and Shea 1987; Shearer and 
Tippett 1989; Davison 1994; Barrett et al. 2008; Collins et al. 2012). Furthermore, host tissue 
creates an effective buffer against non-conducive seasonal conditions. Within the roots of 
species such as Banksia grandis, the pathogen may spread 1 cm per day by mycelial growth 
in summer (Shearer et al. 1987). Even dead hosts provide enough buffer, as the pathogen is 
able to survive in dead B. grandis trees for up to 34 months (Collins et al. 2012).  
Overall  however,  spring  and  autumn  are  peak  seasons  for  the  pathogen‘s  activity  with 
optimum temperatures and sufficient water availability, which provide a small but sufficient 
window for active growth of the pathogen (Shearer and Tippett 1989). The minimum and 
maximum temperatures in the jarrah forest are not lethal to the pathogen, and at depth in the 
soil the organism is buffered from extreme temperatures, even those occurring frequently 
during  high  intensity  fires  (Shearer  and  Tippett  1989).  It  has  been  also  shown  that  fires 
increase  disease  impact  (Moore  2006  in  Barrett  et  al.  2008)  probably  due  to  loss  of 
antagonists, for instance ectomycorrhizae which are reduced by 90% after fire (Reddell and 
Malajczuk 1984).  
Even though single abiotic and biotic factors have been identified as altering the biological 
activity of P. cinnamomi, a sometimes very localised disease expression with living trees in 
near proximity to dead trees suggests the existence of multiple biological stimulatory factors 
too manifold to predict the outcome. The floral composition directly and indirectly stimulates 
the activity of P. cinnamomi by root exudates either activating or inhibiting the pathogen and CHAPTER 1: GENERAL INTRODUCTION 
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indirectly by hosting a microbial community capable of altering the disease impact (Shearer 
and Tippett 1989). This has been demonstrated with rhizosphere soil from Acacia pulchella 
stands showing significantly lower numbers of sporangia compared to the rhizosphere of B. 
grandis  (Murray  et  al.  1985).  Penicillium  species  which  stimulate  sporangia  production 
(Murray 1984) have been detected more frequently under the susceptible B. grandis compared 
to the soil under the resistant A. pulchella (Murray 1984). Additionally, it could be partly due 
to the capacity of A. pulchella litter to support formation of ectomycorrhizae in contrast to B. 
grandis  which  has  no  association  with  ectomycorrhizae  (Reddell  and  Malajczuk  1984). 
Colonisation  of  roots  with  ‗white  type‘  basidiomycete  ectomycorrhizae  has  shown  to  be 
antagonistic to P. cinnamomi (Malajczuk 1988).  
Soils  with  a  low  nutrient  status  such  as  jarrah  forest  soils  (Shearer  and  Tippett  1989) 
indirectly  enhance  the  presence  of  the  pathogen  as  they  contain  fewer  microorganisms 
antagonistic to P. cinnamomi than do high nutrient soils (Podger 1972). Another conducive 
factor linked to nutrient poor soils is the rapid growth of fine roots by species such as E. 
marginata when the soil is warm and moist to exploit the nutrients within the rhizosphere. 
Proteoid roots, produced by a large number of genera within the Proteaceae family also have 
this ability (Watt 1999). The production of fine roots coincides with the peak sporulation of P. 
cinnamomi, which makes these plant species susceptible to the pathogen (Shearer and Tippett 
1989).  
Davison  (1994)  concluded  from  several  observations  of  jarrah  mass  collapses  after 
exceptionally heavy rainfall in the 1940‘s, 1950‘s and January 1982 on poorly drained sites 
but not to such an extent on well drained sites that waterlogging increases disease impact due 
to  increased  motility  of  zoospores  and  furthermore,  increased  attraction  of  zoospores  to 
anaerobically  respiring  roots  (Allen  and  Newhook  1973).  However,  Davison  (1994) CHAPTER 1: GENERAL INTRODUCTION 
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highlighted the importance of also assessing the vulnerability to waterlogging of not-infected 
host species. 
In  regards  to  longevity  of  P.  cinnamomi  in  the  jarrah  forest,  limited  research  has  been 
undertaken (McDougall 1996), but was confirmed to follow the same tendency as observed in 
other  ecosystems,  where  populations  rapidly  declined  with  death  of  susceptible  species 
(McDougall et al. 2002). However, the authors estimated the age of the infection through a 
historical series of aerial photography of jarrah forest sites and concluded from recoveries of 
the pathogen that it has persisted so far for 50 years on old wet dieback sites and for more 
than 20 years on old dry gravely dieback sites – although inoculum levels were low. At the 
same time it was acknowledged that despite optimising detection of pathogen activity by in 
situ baiting with susceptible B. grandis, a sporadic and localised disease expression can lead 
to  false  negatives  (McDougall  et  al.  2002).  These  findings  encourage  the  view  that  P. 
cinnamomi is able to persist in the jarrah forest for as long as host material is available, even 
though  it  was  not  possible  to  exclude  re-introduction  as  a  reason.  Interestingly,  using  a 
quantitative statistical approach, the same authors could establish that resistant annuals such 
as  Pterochaeta  paniculata  increase  on  pathogen  impacted  sites  whilst  susceptible  species 
decline.  
 
1.5 Black Gravel Sites (BG sites) 
In the Eucalyptus marginata (jarrah) forest the most severely impacted landscapes are known 
as  ‗black  gravel‘  or  ‗graveyard‘  sites  (Dell  et  al.  1989).  The  black  coloured  gravel  was 
identified as having a doleritic origin, which had been transported down slope with higher 
amounts  in  depressions  (Welker  2008).  The  underlying  duricrust  originates  from 
recementation  of these  black  gravels  resulting in poor drainage (Welker 2008). The high 
amount of sand and gravel predominately between 2-5mm in size (Welker 2008) creates a CHAPTER 1: GENERAL INTRODUCTION 
 
25 
 
coarse soil structure and is therefore not a limiting factor for zoospore movement.  Black 
gravel sites contain even lower levels of nutrients compared to other sites within the jarrah 
forest (Welker 2008) which may be a limiting factor to plants growing on the site. Therefore, 
the amount of leaf litter produced, is even lower than other jarrah forest sites, which are 
already low in comparison to other Eucalyptus forests (Welker 2008). Associated with limited 
leaf  litter  is  the  relatively  small  amount  of  microflora  on  black  gravel  sites.  All  these 
suboptimal  conditions  for  the  jarrah  forest  vegetation  exacerbate  disease  impact  of  P. 
cinnamomi  on  black  gravel  sites  (Welker  2008).  Welker  (2008)  worked  with  the  central 
assumption, that P. cinnamomi is the main obstacle to the rehabilitation of black gravel sites.  
Many black gravel sites are located in the Alcoa‘s Worldwide Alumina‘s Australia mining 
leases. There are over a thousand hectares of such sites in Alcoa mining leases alone (I. 
Colquhoun 2012 pers. comm.). The rehabilitation of these areas commenced in 1980 and is 
undertaken by the State Government Department that manage the forest.  The program is 
called Dieback Forest Rehabilitation (DFR).  Alcoa funds these operations ($300,0000 pa) (I. 
Colquhoun 2012 pers. comm.).  Currently, the only area requiring this DFR treatment is at the 
Willowdale mine where there are over 1000 ha of severely degraded, dieback affected forest 
(I.  Colquhoun  2012  pers.  comm.).  In  the  past,  the  DFR  program  has  not  successfully 
rehabilitated  any  black  gravel  site,  as  plant  re-establishment  has  been  very  poor. 
Rehabilitation attempts have resulted in a forest composed of scattered trees with a sparse and 
low  understorey  compared  to  successful  rehabilitation  of  other  jarrah  forest  sites,  also 
impacted by the pathogen (Department of Environment and Conservation 2012).   
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1.6 The role of annuals and herbaceous perennials on BG sites as a source 
of inoculum 
Phytophthora  cinnamomi  is  commonly  considered  as  a  pathogen  of  woody  perennials 
(Zentmyer 1980); however, the role of annuals and herbaceous perennials in the disease cycle 
has yet to be investigated, as their germination in autumn and early winter coincides with 
mycelial  growth  and  sporulation  of  the  pathogen.    Furthermore,  annuals  germinate  more 
readily and in higher numbers compared to large woody perennials, whose seed germination 
is more complex and erratic (Chong et al. 2001) and could therefore potentially provide a 
regular  opportunity  to  increase  the  pathogen‘s  inoculum.  The  consistent  appearance  of 
annuals and herbaceous perennials on diseased sites without visible symptoms might have 
previously led to the conclusion that most annuals are resistant to P. cinnamomi. On the other 
hand, black gravel sites impacted by P. cinnamomi are often of high impact and almost lack 
any susceptible species which could provide host material for the pathogen. One documented 
exception  is  Banksia  sessilis  (formerly  Dryandra  sessilis)  which  when  present  is  able  to 
persist on degraded black gravel sites due to its ability to reach seeding age before collapse. 
Overall, however, no significant host material is available on high impact black gravel sites, 
yet the pathogen can be recovered in the absence of these. A significant saprotrophic ability 
under  natural  conditions  does  not  exist  (Dunstan  et  al.  2010).  Therefore,  it  is  likely  that 
resistant plant species act as hosts for P. cinnamomi. Indicative are inoculation experiments 
on two field-resistant Restionaceae, where root rot symptoms were observed (Sieler et al. 
1999),  but  there  is  no  report  on  the  presence  of  pathogen  structures  in  the  infected  root 
sections.  Earlier, however, inoculation experiments on three other field resistant Australian 
monocotyledon  species  were  microscopically  examined  and  the  pathogen  was  shown  to 
remain  viable  in  those  roots,  even  though  colonisation  was  confined  (Phillips  and  Weste 
1984).  This  could  mirror  the  observed  field  resistance  in  their  natural  habitat,  where  the 
pathogen might be able to maintain viability and inoculum levels regardless of how large the CHAPTER 1: GENERAL INTRODUCTION 
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infected root fractions are. However, no data are available for these species from the natural 
environment  which  could  confirm  the  experimental  results.  In  addition,  inoculation 
experiments have not been conducted for other field resistant annual and herbaceous perennial 
plant species from any other ecosystem.    
1.7 Potential management of Phytophthora cinnamomi  
Two  biological  based  methods  have  been  applied  to  manage  Phytophthora  cinnamomi; 
through an increase of antagonists or by resource withdrawal.  
1.7.1 Management by increasing antagonism 
It has been demonstrated that the suppressive principle of soils are due to a higher population 
of bacteria and actinomycetes compared to conducive soils which is linked to soils with a 
higher organic content (Broadbent and Baker 1974). The amount of organisms competing 
with P. cinnamomi has been found to outweigh conducive effects by other microorganisms 
such as Penicillium spp., which stimulate the activity of the pathogen (Dell and Malajczuk 
1989).  Amensalism,  parasitism/predation  and  competition  are  possible  mechanisms  of 
antagonism (Malajczuk 1983). It is thought that often more than one of these strategies is in 
place per antagonistic organism (Whipps and Lynch 1986). Some findings have led to the 
conclusion,  that  parasitism  can  be  highly  specific  to  P.  cinnamomi  or  even  to  specific 
pathogen structures (Malajczuk 1983). It has been observed that chytrids are rarely present in 
soil per se, but can be found parasitising the sporangia of P. cinnamomi (Malajczuk 1983). 
Likewise, specificity to oospores of different Phytophthora species has been observed as a 
natural phenomenon in soils (Drechsler 1938). For example, Dactylella spermatophaga has 
been found to parasitise oospores of many Phytophthora species (Drechser 1938; Sneh et 
al.1977) and found to readily attack chlamydospores of P. cinnamomi (Drechsler 1938).  In 
particular, oospore-parasitising hyphomycetes, which have been isolated in relatively dry soils CHAPTER 1: GENERAL INTRODUCTION 
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and suggested to have some host specificity to oospores of different Phytophthora species, 
could  be  exploited  as  biological  control  agents  (Malajczuk  1983),  potentially  also  for  P. 
cinnamomi if oospores are produced in the natural environment. 
Overall, the first method involves increasing the soil organisms that compete with or inhibit 
P.  cinnamomi.  Techniques  include  application  of  microbially  rich  manure  and/or  organic 
matter. This has been particularly useful in the horticultural setting, specifically in avocado 
orchards (Broadbent and Baker 1974).  
In addition, it has been demonstrated that higher plants such as several species of the legume 
genus Acacia can act as antagonists against the pathogen by altering microbial populations 
within their rhizosphere. It has been shown that A. pulchella supports a significantly higher 
percentage of antagonistic bacteria compared to Banksia grandis (Malajczuk and Theodorou 
1979)  causing  a  decrease  in  sporangial  production  and  a  reduced  discharge  of  zoospores 
(Murray et al. 1985). A jarrah forest rehabilitation seed mix high in native legume species 
identified  as  suppressive  to  P.  cinnamomi  has  been  recommended  to  help  manage  the 
pathogen in the jarrah forest (D‘Souza et al. 2005).  
1.7.2 Management by resource withdrawal 
Resource withdrawal, takes advantage of the weak saprotrophic ability of P. cinnamomi by 
temporary removing all living plant material and maintaining the treated area vegetation-free 
for several years (Dunstan et al. 2010). With the removal of living substrate, the pathogen‘s 
life cycle is interrupted, eventually leading to its elimination when all dormant structures 
produced prior to the treatment have died or germinated and been unable to colonise new root 
tissue. This method has been applied in the horticultural setting, where host destruction has 
been  an  integral  part  of  eradicating  or  containing  P.  cinnamomi  in  orchards  (Erwin  and 
Ribeiro 1996). The first eradication experiments within a natural environment were conducted 
by Weste et al. (1973) in sclerophyll forest of the Brisbane Ranges and by Hill et al. (1995) in CHAPTER 1: GENERAL INTRODUCTION 
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Banksia  woodlands  and  scrub-heaths  of  south-west  Australia,  where  pathogen  recoveries 
decreased after treatment. Dunstan et al. (2010) showed that on Banksia-dominated scrubland 
(Cape Riche, Western Australia) and Xanthorrhoea-dominated heath in Eucalyptus woodland 
(Narawntapu National Park, Tasmania) plant removal in combination with fumigation and 
root barriers contained and eradicated P. cinnamomi, as long as surface and subsurface water 
flow was controlled and pathogen spread was limited to root to root contact. Disease-front 
expansion by root-to-root contact is relatively slow, e.g. approximately one metre per year on 
undulating  sandy  hills  (Hill  et  al.  1994)  compared  to  passive  zoospore  movement  of 
potentially hundreds of meters on sites prone to water runoff following rainfall (Cahill et al. 
2008). For the ‗resource withdrawal‘ method to be successful, not only the hydrology of the 
site  needs  to  be  favourable,  but  early  detection  of  infestations  is  essential.  Eradication 
methods have also been applied for spot infections of other Phytophthora species, such as P. 
ramorum  in  Californian  and  Oregon  forests  (Rizzo  et  al.  2005).  Even  though  aerial 
propagules  of  this  species  are  potentially  more  difficult  to  control,  the  early 
detection/eradication method has slowed the spread leaving many areas in the infestation zone 
pathogen free (Kanaskie et al. 2011).  
 
1.8 Aims of the thesis 
The aims of this thesis were to specifically determine:  
  if  native  annuals  and  herbaceous  perennials  play  a  role  in  the  disease  cycle  of 
Phytophthora cinnamomi,  
  what spore types and other survival propagules are produced by the pathogen in plant 
roots on black gravel sites, and 
  whether plant removal could be used as a management tool for the eradication of P. 
cinnamomi on these sites.   CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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CHAPTER 2 
 
Eradication of Phytophthora cinnamomi on black gravel sites in the 
Eucalyptus marginata (jarrah) forest by vegetation removal 
 
2.1 Introduction 
Phytophthora  cinnamomi  belongs  to  the  class  Oomycetes,  a  group  of  mostly  devastating 
pathogens analogous to fungi in morphology but phylogenetically distinct and therefore less 
responsive  to  fungicides  (Hardham  2007).  It  has  been  demonstrated  that  copper-based 
algicides are better suited than fungicides as chemical control agents of Phytophthora species 
in accordance to their closer affiliation with brown algae (Meadows et al. 2011), but their 
potential  use  might  only  be  applicable  for  the  management  of  Phytophthora  species  in 
irrigation water of nurseries. Studies have also measured the toxic effect of copper ions itself 
to P. cinnamomi, and found that amendments to soil reduce, but not eradicate the pathogen 
however toxicity also applies for non-target organisms (Howard et al. 1998).  
Biological control agents have also been considered for the control of Phytophthora species 
and range from rhizosphere organisms found antagonistic to P. cinnamomi (Drechsler 1938; 
Sneh et al. 1977) to higher plants that produce inhibitory root exudates (D'Souza et al. 2005). 
However, none of these to date have led to control methods applicable to native vegetation 
and the delivery of any biological control agent is problematic in natural ecosystems and will 
not reach infected roots at several meters depth such as the susceptible vertical tap roots of 
Eucalyptus marginata (Shea et al. 1984; Shearer and Tippett 1989).  
As  P.  cinnamomi  depends  on  living  hosts  and  is  a  poor  competitive  saprophyte  in  soil, 
temporary removal of vegetation is an effective method of eradication (Dunstan et al. 2010). CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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It was postulated that the withdrawal of living substrate interrupts the pathogen‘s life cycle 
and eventually leads  to  its  elimination when all dormant  structures  produced prior to  the 
treatment have died or germinated and been unable to colonise new living root tissue. This 
method  has  been  applied  in  the  horticultural  setting,  where  host  destruction  has  been  an 
integral part of eradicating or containing P. cinnamomi in orchards (Erwin and Ribeiro 1996; 
Gallo et al. 2007). Eradication experiments within a natural environment were first conducted 
by Weste et al. (1973) in sclerophyll forest of the Brisbane Ranges and later by Hill et al. 
(1995) in Banksia woodlands and scrub-heaths of south-west Western Australia and recently 
on  heathland  sites  on  the  southern  sand  plains  of  Western  Australia  (Cape  Riche)  and 
Eucalyptus woodland in Tasmania (Narawntapu National Park) in 2007 (Dunstan et al. 2010). 
Methodology  varied  considerably  between  these  studies,  such  as  the  type  of  inoculum 
monitored  (natural  infestation  (Weste  et  al.  1973;  Dunstan  et  al.  2010)  versus  buried 
incubated pine plugs  (Hill  et  al. 1995). All  studies  reported a significant  reduction in  P. 
cinnamomi recoveries after several months, although published reports of monitoring do not 
continue beyond 2 years. All experiments combined several strategies which involved some 
form of mechanical manipulation (trenching, stump removal, installation of root barriers), 
herbicide application and soil fumigation or application of chemicals toxic to P. cinnamomi. 
Only the study by Hill et al. (1995) used ‗herbicides only‘ which then allowed a comparison 
with the combined treatments. The ‗herbicide only‘ treatment resulted in a slower rate of P. 
cinnamomi decline than the ‗combination‘ (e.g. mechanical removal + herbicide + metalaxyl) 
treatments.  
In the current study, the method of resource withdrawal by herbicide treatment alone was 
applied to highly impacted sites within the jarrah (Eucalyptus marginata) forest, known as 
black  gravel  sites.  To  date  it  has  not  been  possible  to  rehabilitate  these  sites  using 
conventional methods (I. Colquhoun 2012 pers. comm.). The lack of common susceptible CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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woody plant species on these sites was noted whilst annual and herbaceous perennial plant 
species were seemingly unaffected in their life cycle by the presence of P. cinnamomi. It was 
postulated and tested whether they might be asymptomatic hosts (Chapters 3-5). The aim of 
the experiment was to test whether complete removal of all plant species by the application of 
herbicides will eradicate P. cinnamomi from this Mediterranean forest site.     
2.2 Material and Methods 
Site selection – Design and size 
Two Phytophthora cinnamomi infested black gravel sites in the Eucalyptus marginata (jarrah) 
forest were chosen (Site 1: 32°47‘31S 116°04‘00E; Site 2: 32°50‘23S 116°03‘49E). Each site 
was subdivided into two comparable 30m by 30m plots with a central 15m by 15m zone. At 
each site one plot was cleared of vegetation by the application of herbicides while the other 
was left as an untreated control. Within each eradication plot, the central 15m by 15m zone 
was used as the ‗eradication‘ treatment. This reduced the chance of living roots penetrating 
from  outside  the  30m  x  30m  eradication  zone  and  passive  inoculum  movement.  In  the 
experiment,  the  eradication  areas  are  referred  to  as  ‗eradication  plots‘  (1E  and  2E)  and 
‗control plots‘ (1C and 2C) (Figs 2.2, 2.3). 
Eradication treatments   
The  foliar  herbicide  glyphosphate  [(N-(phosphonomethylglycine)]  was  sprayed  at  4.8g/L 
water together with, metsulfuron methyl at 0.1g/L water and Red Enviro Dye (1-1.5ml/L 
water for visibility). Trees were notched by cutting four wounds equi-distant around each 
trunk at a height of approximately 70cm and immediately applying undiluted glyphosphate 
(360g/L)  into  the  notches.  The  eradication  through  foliar  application  was  undertaken  in 
January 2010 followed by tree notching in April 2010. Where necessary, the notching process 
was repeated, where trees had resprouted. To prevent germination from the soil seed bank, the 
herbicide  simazine  [2-chloro-4,6-bis  (etylamino)-s-triazine]  at  a  concentration  of  1.52g/L CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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water  was  applied to  the soil surface in  August  2010. Glyphosphate was  also  applied  as 
required to any resprouting plants or germinating seeds of the soil seed bank.     
Monitoring of pathogen activity – Collection of samples 
All four plots were tested for P. cinnamomi through a combination of soil and root baiting on 
a regular basis. To map the presence of P. cinnamomi across each plot prior to the eradication 
treatments  and  regularly  thereafter,  eight  transects  were  established  on  each  plot.  Each 
transect  was  2m  apart,  and  soil  samples  from  10  to  20cm  depth  (dependent  on  depth  to 
duricrust) were collected every 3 metres along each transect giving 40 soil samples per 15m 
by 15m plot. A spade blade cut to a trapezoid shape was used to collect samples and was 
sterilised with 100% methylated spirits between samples. Approximately 4kg of soil and roots 
was collected per sample. Each sample was placed into a ziplock bag (Sandvik, Australia. 
37.8cm x 25.1cm) and stored in the shade until transport to the laboratory on the same day. 
Sample processing and detection of P. cinnamomi 
Soil and roots from each sample were placed in 1L rectangular plastic ‗take-away‘ containers 
(167mm x 108mm). To maximise detection of P. cinnamomi at very low inoculum levels, 
most of the roots present in each bulk sample were placed in the container and the soil was 
thoroughly mixed before taking samples from different areas of the bag until the container 
was one third full (approx. 500g). This soil/root mix was then pre-moistened with distilled 
water overnight to stimulate pathogen activity (unless it was already sufficiently moist at time 
of collection) and next morning flooded with distilled water in a 1:3 soil:water ratio and 
baited with young leaves from recent growth flushes of Quercus ilex, Q. suber, Castanea 
sativa, Alnus sp., Scholtzia involucrata, cotyledons of Eucalyptus sieberi, petals of the genus 
Rosa and leaves of other plant species, depending on seasonal availability, at a temperature of 
21ºC (+/- 1ºC). Floating organic particles were held to one side of each take-away container CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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with a fibreglass fly screen mesh (hole size 2mm x 1.5mm) to avoid contact with the baiting 
leaves. This assured that only swimming zoospores could reach the baits (Fig 2.1). 
 
Figure 2.1 Baiting of flooded soil samples with Quercus suber and Alnus sp. in spring 2011. 
Arrow shows fibreglass mesh screen used to separate floating organic material from leaves. 
 
When lesions were observed on the bait leaves (usually after 2 to 7 days), they were rinsed, 
blotted dry on paper towelling, cut in small pieces (approx. 2mm by 2mm) and plated on 
NARPH  agar  (Hüberli  et  al.  2000).  However,  in  early  2010,  1,2,3,4,5  Pentachloro-6-
nitrobenzene (PCNB) which was in the original formulation was withdrawn from the market, 
so  it  was  removed  from  the  selective  medium  in  subsequent  harvests.  The  leaves  were 
incubated at 21°C (+/- 1°C) in the dark and examined four to five times during the first week, 
and two to three times for the second week under 100x magnification for the presence of 
hyphae typical for P. cinnamomi. In many cases mycelial growth on the initial plate could be 
identified as P. cinnamomi due to typical morphological features such as hyphal swelling, 
chlamydospore formation and branching pattern. When morphological identification was not 
initially possible, hyphal tips thought to be P. cinnamomi were transferred to NARPH/NARH CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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and then aseptically subcultured to half-strength potato dextrose agar (Half PDA) to confirm 
the  identification  as  P. cinnamomi.  Where  no  recoveries  were  obtained  from  the  flooded 
samples after approximately 2 weeks, the water was discarded, the soil allowed to dry out and 
then baiting repeated (this is referred to as double baiting) to increase recoveries (Jeffers and 
Aldwinckle 1987; Bunny 1996). 
Between spring 2009 and autumn 2012, 13 seasonal samplings with a minimum of one per 
season were conducted. 
Confirmation of negatives 
All P. cinnamomi negative soils from the first two seasonal samplings (summer 2009/2010 
and autumn 2010) were bulked separately,  mixed thoroughly and used for live baiting with 
six  month-old  Banksia  grandis  seedlings  (that  had  never  been  treated  with  phosphite) 
purchased  from  Apace  WA  Nursery  (Fremantle,  Western  Australia)  to  test  whether  this 
technique would increase recoveries. In addition, self-sown plant species from the soil seed 
bank served as potential live baits. Results obtained from this long-term baiting of negative 
soils with living host plants were aimed to determine whether the soil baiting method by 
flooding was an effective method to detect P. cinnamomi. Briefly, the B. grandis were potted 
into  ten  free  draining  pots  (19cm  diameter,  approx.  5  litre  volume)  each  containing  the 
summer sampled black gravel soil, whereas the autumn soil was placed in one free draining 
48  litre  container  with  three  B.  grandis  live  baits.  All  potted  plants  were  placed  in  a 
temperature controlled glasshouse with temperatures not exceeding 24°C and watered daily to 
container capacity. To confirm that glasshouse conditions were conducive for infection of the 
live baits, five pots were set up as a positive control, where P. cinnamomi positive soil from 
the autumn 2010 sampling was mixed with potting mix in a 1:4  ratio before planting  B. 
grandis. As negative controls, there were a further five pots which only had potting mix as a 
substrate. The plants were monitored for two years. CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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Analysis of data 
A statistical analysis of the variance between the eradication response and the control was 
conducted using one-way ANOVA with the IBM SPSS Statistics (version 20) software. 
Measurement of soil temperature at 10cm depth 
Readings were taken at 15 minute intervals with a Hobo Data logger (Hobo® micro station, 
Onset Computer Corporation, USA) and analysed with associated software (HOBOware Pro) 
and Microsoft Excel (Version 2007). Installation was in undisturbed soil approximately 50cm 
away from the E3 sampling spot of the control plot of site 1 and produced data from the 4
th 
May 2011 to the 14
th February 2012. This locality represented an area where temperature was 
not  a  limiting  factor  to  the  pathogen  survival  as  evident  by  pathogen  recovery  prior  to 
installation. 
2.3 Results 
Most trees and shrubs died within 2 months after completion of the herbicide treatments and 
resprouts were similarly quickly killed (Figs 2.2 B, 2.3 B). Some woody plant species, for 
example Hypocalymma angustifolium present on 2E, were relatively tolerant of the herbicides 
and resprouted from lignotubers or roots despite the shoots being killed by the herbicide. Even 
mechanical removal left some small root fragments which were capable of resprouting. A 
small number of seedlings emerging from the soil seed bank were missed by the spray and 
some individuals of species with tuberous roots (several orchid species and  Chamaescilla 
corymbosa) survived despite herbicide applications and required more herbicide treatments or 
mechanical removal. CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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Figure 2.2 Site 1, a black gravel ‗grave yard‘ site in the Eucalyptus marginata (jarrah) forest 
severely impacted by Phytophthora cinnamomi (32°47‘31S 116°04‘00E). A: Eradication plot 
1E in spring 2009 prior to eradication and (B) 1.5 years after eradication in spring 2011. C: 
corresponding control plot 1C in spring 2009 and (D) in spring 2011. Note some plants of 
Banksia sessilis (formerly Dryandra sessilis) are present (visible shrubs in foreground).  This 
susceptible species is able to remain on P. cinnamomi infested sites by fast growth and early 
fruiting before succumbing to the pathogen. 
 
 
Figure 2.3 Site 2, a black gravel ‗grave yard‘ site in the Eucalyptus marginata (jarrah) forest 
severely impacted by Phytophthora cinnamomi (32°50‘23S 116°03‘49E). A: Eradication plot 
2E in spring 2009 prior to eradication, and (B) 1.5 years after eradication in spring 2011. C: 
corresponding control plot 2C in spring 2009 and (D) in spring 2011. CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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Before the eradication treatments at site 1, Phytophthora cinnamomi was recovered 11 and 10 
times from the eradication (1E) and the control (1C) plots, respectively. At site 2 prior to 
treatment, the pathogen was recovered 15 and 10 times, from the eradication (2E) and control 
(2C) plots, respectively (Table 2.1). This demonstrates that prior to treatment; all plots had 
similar  inoculum  levels.  Recovery  frequency  on  the  eradication  sites  decreased  once 
eradication was completed after the autumn 2010 sampling. At site 1,  P. cinnamomi was 
recovered on the untreated control site 22 times compared to eight times on the eradicated 
plot with a similar reduction on the second site.  
Table 2.1: Number of Phytophthora cinnamomi recoveries from the control plots (not 
treated) and eradication plots of both replicates prior to treatment and for the following 
2 years. There were 40 samples from each of the four plots for each sampling event. 
Numbers in brackets are the positive samples obtained by double baiting. *: start of 
herbicide treatment. 
                  SITE 1                 SITE 2 
HARVEST           Total isolations           Total isolations 
  
Control       
   (1C) 
Eradication   
     (1E) 
Control 
(2C) 
Eradication 
(2E) 
BEFORE TREATMENT         
Spring 2009  8  7(1)  6  15 
Summer 2009/2010*  0  0  0  0 
Autumn 2010  2  4(1)  4  0 
Total before treatment  10  11  10  15 
         
AFTER TREATMENT         
Winter 2010 (June)  0  0  1(1)  2(2) 
Winter 2010 (August)  1  0  3  0 
Spring 2010 (Oct)  2(1)  0  3(2)  2(2) 
Spring 2010 (Nov)  4(3)  4(1)  2  1(1) 
Summer 2010/2011  0  1(1)  1(1)  1 
Autumn 2011  2  2(2)  3(1)  0 
Winter 2011  1  0  2  0 
Spring 2011  6  0  4  3(1) 
Summer 2011/2012  3  1  2(1)  0 
Autumn 2012  3  0  2(1)  0 
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A one-way ANOVA test after completion of treatments showed there was a significant (p = 
0.002)  difference  between  the  number  of  recoveries  in control  and  eradication  areas.  By 
autumn  2012,  28  month  after  herbicide  treatments  were  initiated,  P.  cinnamomi  was  not 
recovered from either of the two eradication sites (Table 2.1). 
All plots had specific areas where P. cinnamomi was more frequently recovered even though 
the disease symptoms across the entire area of each plot suggested an equal disease impact. 
Areas with more litter or with temporary waterlogging were most favourable locations (Fig 
2.4). 
 
Figure 2.4 Examples of areas favourable to Phytophthora cinnamomi activity. A: Area in 
close  proximity  to  log  with  trapped  leaf  litter  (representative  of  the  2C  sampling  spots 
D3,D6,E3,F3,G3 in Fig 2.5 E,G). B: Area in a depression prone to temporary waterlogging 
(this is representative of the 2E sampling spot D6 in Fig 2.5 F,H). 
 
Over the 40 sampling spots in the eradication plots, P. cinnamomi was never recovered again 
from  some  spots  once  the  eradication  treatments  had  been  implemented.  For  1E,  after 
eradication, the pathogen was never recovered from 6 out of 10 spots shown to be positive at 
the start of the experiment. On 2E, 11 out of 15 spots initially positive never again gave 
positive recoveries after the eradication treatment (Fig 2.5).  CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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Figure 2.5 Spatial recovery of Phytophthora cinnamomi from seasonal soil sampling prior to 
and after herbicide treatments of the two eradication sites. Survey period from spring 2009 to 
autumn 2012. A and B: Site 1 prior to eradication, C and D: Site 1 total recoveries of control 
1C and eradication plot 1E after completion of treatment (from winter 2010 to autumn 2012). 
E and F: Site 2 prior, G and H after eradication. Numbers show the total numbers of 
recoveries from each locality, empty boxes no recoveries. Thickness of boxes correspond to 
higher frequencies of recovery, grey boxes are areas from which the pathogen was only 
isolated before vegetation removal. Note from Table 2.1 that most recoveries seen in (D) and 
(H) were in the first year after eradication. 
 
In general, the lowest recoveries were made during the summer samplings whereas spring 
samplings had the highest number. Percentages of recoveries on the control plots from spring 
sampling ranged from 7.5% (Spring 2010, Nov.) to 17.5% in spring 2009 and are comparable 
to  the  normal  range  of  7.2%  -  35%  reported  by  others  working  in  infected  Eucalyptus 
marginata forest (Podger 1968; McDougall 1996; Davison and Tay 2005). Double baiting 
increased the number of recoveries by 21.3% (Table 2.1). 
None of the Banksia grandis or self-sown susceptible species in bulked soil which had tested 
negative to P. cinnamomi by baiting died over the 2 year period (Fig 2.6). This was also the 
case for the negative controls.  All  B. grandis planted in  P. cinnamomi positive soil died 
within  one  to  several  months  and  P.  cinnamomi  was  recovered  by  baiting  from  the 
rhizosphere of the dead plants at the end of the survey period.   CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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Figure 2.6 Live baiting with Banksia grandis and self-sown seedlings still in good health 
after 2 years grown in black gravel soil collected in autumn 2010 and tested negative by 
baiting (Picture taken 1.5 years after planting). 
 
Soil temperature extremes were not lethal to P. cinnamomi as the pathogen was recovered the 
following autumn from  the sampling spot E3 on 1C  in  close vicinity to the data logger. 
During the period of data logging, the lowest daily minimum soil temperature at 10cm depth 
was 9.41°C on the 9
th July 2011 whilst the maximum was 35.77°C on the 28
th January 2012. 
In addition, recovery of P. cinnamomi from roots of annual and herbaceous perennial plants 
whose root systems reached approximately 10cm deep into the soil, was not detrimentally 
impacted by the soil temperatures during the weekly samplings from the 28
th June to the 1
st 
November  2011  (Chapter  5)  which  did  not  exceed  26°C.  A  sharp  decline  in  recoveries 
occurred  from  the  22
nd  November  2011,  coinciding  with  two  readings  above  27°C  for 
approximately 9 hours suggesting that mycelial growth ceased at these temperatures (Fig 2.7).  CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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Figure 2.7 Daily minimum and maximum temperatures from the 4
th May 2011 to the 14
th February 2012 in 10 
cm soil depth of a black gravel landscape (32°47‘31S 116°04‘00E; Site 1, plot 1C, near sampling spot E3) in a 
location where Phytophthora cinnamomi remained active over the survey period. Arrow marks the 22
nd 
November, where recovery rates decreased (Chapter 5). 
 
2.4 Discussion 
Phytophthora  cinnamomi  was  not  recovered  on  the  eradication  sites  in  autumn  2012,  28 
months  after  the  herbicide  treatments  started  which  was  therefore  an  effective  means  of 
eliminating the pathogen. For both sites, on the eradication plots, P. cinnamomi was never 
recovered again after the herbicide treatments from more than half of the sampling spots 
initially shown to be positive for the pathogen and demonstrated an immediate effect. Other 
sampling spots responded more slowly to vegetation removal presumably after all survival 
propagules formed prior to treatment had germinated and died in the absence of new hosts. 
The validity of the negative results obtained through double baiting of flooded soil with leaf 
baits was demonstrated by live baiting of a selection of soil samples with Banksia grandis, a 
highly susceptible plant species. These live baits remained healthy over two years, which is 
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much longer than the period needed to kill B. grandis potted in P. cinnamomi positive soil 
(McDougall et al. 2002), whilst all positive controls died.   
A longer period than two years of complete host absence is required to confirm that pathogen 
eradication had indeed occurred. It is possible that some dormant survival propagules had not 
germinated during the survey period. Therefore, additional baiting over autumn and spring for 
an  additional  two  years  should  verify  the  effectiveness  of  the  herbicide  treatment.  It  is 
possible  that  several  conducive  seasons  are  needed  before  all  endogenously  dormant 
propagules have germinated. Further, some germinated structures might form new dormant 
propagules immediately as a stress response to the lack of suitable host material.  
Application of the pre-emergent herbicide Simazine to suppress plant germination from the 
soil seed bank immediately after the winter sampling in August 2010 might have increased 
sporangial production as observed by Kassaby (1985) from germinating survival structures, 
but if so, the resulting zoospores would have lacked suitable living host material to infect and 
colonise. Consequently, Simazine might be a useful tool to help speed up the eradication 
process. Besides economic and ecological considerations, the sole use of herbicides might be 
favourable over more robust treatments such as the use of soil fumigants as conducted by 
Dunstan et al. (2010). Even though fumigation is acting fast and has resulted in no recoveries 
of the pathogen after only two to several months, the possible reintroduction of the pathogen 
in the following conducive season by animal vectors or movement of infested water could 
lead to problems should resprouting and germination of dispersed seeds not be prevented 
during a post-treatment time where antagonistic soil organisms have not had time to fully re-
establish. In regard to refinement of the ‗herbicide only‘ method used in the present study, 
more efficient herbicides or mixtures could be used in future, as some seedlings and tuberous 
plants such as Chamaescilla corymbosa and lignotuber forming Hypocalymma angustifolium 
were relatively tolerant to the herbicide and were difficult to kill. Thus, whilst the very dense CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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H. angustifolium population on 2E may have played a key role in the high recovery rate of the 
pathogen prior to the eradication treatment in spring 2009 (specifically within the area of C12 
to C15 up to H12 to H15 (Fig 2.5)), the residual viable root fragments within this area might 
have resulted in the post-eradication recoveries of the E15 and G15 localities.  
Certain abiotic site characteristics probably contributed to the persistence of the pathogen for 
the first few harvests after the herbicide treatments. Firstly, the depressed locations which 
were prone to waterlogging were shown to harbour the pathogen such as at D6 of 2E (Fig 2.4 
B). Across the soil sampling areas, the duricrust layer was approximately 10 to 20 cm below 
the surface and facilitated water to accumulate in these depressions after significant rainfall 
events, typical for the lateritic areas of the jarrah forest (Shea et al. 1984). Therefore, sub-
surface passive lateral zoospore movement derived from sporangia of remaining germinating 
survival propagules for the first harvests could have accumulated in such depressed areas.  
As  some  sampling  spots  on  the  control  plot  of  site  2  suggest,  locations  with  a  cooler 
microclimate along with a postulated prolonged moisture availability and protection from 
high temperatures might have also enhanced P. cinnamomi activity and its ability to survive. 
These conditions were mainly where fallen or felled trees were left on site and accumulated 
leaf litter. Such microclimatic factors may have contributed to more frequent recoveries from 
D3, D6, E3, F3, G3 compared to other locations within the control plot 2C (Fig 2.4 A). 
Although these conditions provide a greater microbial activity which could potentially be 
more inhibitory to P. cinnamomi, it appears that this had less influence than the conducive 
microclimate, therefore the removal of such fallen trees or other structures which collect leaf 
litter and buffer the pathogen from temperature extremes would speed eradication.  
The fact that P. cinnamomi is continuously present within impacted jarrah forest sites as far as 
historical records date back, is a strong indicator that soil temperature and moisture content 
during extremes in summer are not detrimental to pathogen survival,  even in exposed areas CHAPTER 2: ERADICATION OF PHYTOPHTHORA CINNAMOMI  
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without shade or after high intensity fires (Shearer and Tippett 1989). Gallo et al. (2007) 
showed that chlamydospores (most likely thin-walled as produced in vitro) were killed by 
exposure to 40ºC for one to two hours whilst mycelium was inactivated after one to two hours 
at 38 ºC. At 10 cm soil depth on the black gravel sites the temperature never exceeded 36ºC 
and 9.5h were recorded above 35ºC during the recorded period of summer 2011/12. At this 
depth, survival propagules (Chapter 6) were frequently detected in naturally infected roots of 
asymptomatic and symptomatic annual and herbaceous perennial plant species (Chapter 5), 
hence these propagules would be further buffered in the living or dead root tissues and could 
be  expected  to  survive  over  summer.  However,  mycelium  in  these  roots  appeared  to  be 
inactivated  on  the  black  gravel  sites  at  temperatures  less  than  30°C  towards  the  end  of 
November. At this time soil moisture was not considered a limiting factor due to late spring 
rains in November (Bureau of Meteorology 2011 data not presented). This is much lower than 
the lethal temperatures determined experimentally by Gallo et al. (2007).  
From  previous  research  it  is  evident  that  Eucalyptus  marginata  forest  vegetation  already 
experiences suboptimal conditions on black gravel sites (J. Havel 2012 pers. comm.; J. Koch 
2010 pers. comm.; Welker 2008) and is likely to be highly vulnerable to any disease pressure. 
Therefore, under these conditions, it is very important to completely eliminate P. cinnamomi 
inoculum  before  attempting  rehabilitation.  As  survival  propagules  of  P.  cinnamomi  are 
abundantly produced in asymptomatic annual and herbaceous perennial plant species (Chapter 
6), the germination of these species from the soil seed bank in  the first  two consecutive 
autumns and winters must be prevented. This study has shown that these Mediterranean forest 
sites must be kept vegetation-free by herbicide application for at least two years to ensure that 
the complete eradication of P. cinnamomi is likely. This method also has huge potential to be 
an effective management tool in other ecosystems or for other primary pathogens of low 
saprotrophic ability.                CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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CHAPTER 3 
 
Australian native annual and herbaceous perennial plant species as 
asymptomatic or symptomatic hosts of P. cinnamomi tested under 
controlled conditions 
 
3.1 Introduction 
Since  its  identification  in  1922,  the  number  of  plant  species  known  to  be  susceptible  to 
Phytophthora  cinnamomi  has  constantly  increased  (Zentmyer  1980;  Cahill  et  al.  2008). 
Within the context of Australia‘s native vascular flora, there is a large number of species with 
unknown host status to P. cinnamomi which is especially the case for annual and herbaceous 
perennial species. This group of plants, characterised by short life spans, is generally regarded 
as  resistant due to  their persistence or even population  increase in  ecosystems  which  are 
impacted  by  P.  cinnamomi  (McDougall  et  al.  2002).  However,  the  possibility  has  been 
discussed that tolerant or resistant plant species could nevertheless host the pathogen (Phillips 
and Weste 1984; Sieler et al. 1999; McDougall 2005; Cahill et al. 2008). Asymptomatic root 
infections in susceptible species have been recently reported for the primarily foliar pathogens 
Phytophthora  kernoviae  and  P.  ramorum  (Fichtner  et  al.  2012).  In  horticultural  settings 
Phytophthora  species  such  as  P.  capsici  (French-Monar  et  al.  2006)  or  P.  ramorum 
(Shishkoff  2012)  may  colonise  asymptomatic  weeds  in  addition  to  symptomatic  hosts. 
Serrano et al. (2012) have experimentally demonstrated that the annual Vicia sativa, a planted 
crop for livestock in P. cinnamomi infested oak rangelands, is an asymptomatic host of P. 
cinnamomi.  After  five  weeks  the  root  system  was  extensively  colonised,  even  though  no 
chlamydospores were observed under the laboratory conditions.  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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To screen for potential hosts, inoculation experiments are often conducted under sterile or 
controlled conditions. The most convenient way to assess the impact of the pathogen on a host 
is to measure the extent of necrosis it causes, as measured by lesion length (Hüberli et al. 
2002).  However,  this  approach  would  fail  to  recognise  the  presence  of  the  pathogen  in 
susceptible, but asymptomatic species.  
Therefore, this study used a controlled perlite/hydroponic system for the rapid assessment of 
potential  asymptomatic  P.  cinnamomi  colonisation  of  Australian  native  annual  and 
herbaceous  perennials  species  and  the  propagules  formed.  As  organisms  with  similar 
propagules were absent under these controlled conditions, the structures observed could safely 
be  attributed  to  P.  cinnamomi  without  the  need  of  confirmation  by  germination  of  the 
propagules or molecular identification. 
3.2 Material and Methods 
 
Selection of plant species 
Ten annual and herbaceous perennial plant species were selected based on seed availability 
and germination rates known to be higher than 10% (Cromer 2007). Species with unknown 
susceptibility were deliberately chosen, but some species rated as ‗field resistant‘ were also 
included as these might be hosts of P. cinnamomi with no obvious symptoms of infection 
(McDougall  2005).  Four  species  occurring  on  jarrah  (Eucalyptus  marginata)  forest  black 
gravel sites, and six from the jarrah forest (Table 3.1) but not present on the experimental sites 
(Chapter  2)  were  chosen.  All  of  these  species  have  a  distribution  that  extends  to  other 
ecosystems such as the coastal plain and Banksia woodland (Western Australian Herbarium 
1998-). No inoculation experiments on these selected species had been undertaken previously, 
nor has P. cinnamomi been isolated from them in natural plant communities (McDougall 
2005).     CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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Table 3.1 Jarrah forest annual and herbaceous perennial species selected for inoculation 
experiments in the perlite/hydroponic system. a= annual; hp= herbaceous perennial;* 
Susceptibility rating according to McDougall (2005): FR=field resistant; ?= unknown, 
not rated; seed sourced from A=Alcoa Marrinup Nursery; N=Nindethana. Species 
names are current in accordance to the Western Australian Herbarium (1998-). 
Species  Experiment  Life 
form 
Present  
on sites 
Former 
rating* 
Seed  
source 
Amphipogon debilis
  3.1,3.2  hp  no       ?     N 
Austrostipa campylachne  3.1,3.2  hp  no       ?     A 
Brachyscome iberidifolia  3.1  a    no       ?     N 
Lagenophora huegelii  3.1  hp  yes    FR   A 
Neurachne alopecuroidea  3.1,3.2  hp  no     FR  A 
Podotheca angustifolia  3.1,3.2  a    yes    FR  A 
Rytidosperma caespitosum   3.1,3.2  hp  yes      ?     A 
Trachymene pilosa                                                                                                                                  3.1  a    yes      ?     N 
Waitzia nitida  3.1,3.2  a    no     FR  N 
Waitzia suaveolens var. flava  3.1  a    no       ?     N 
 
Selection of Phytophthora cinnamomi isolate  
The isolate MUCC 773 (Murdoch University culture collection) was used for all inoculation 
experiments. It originated from the roots of Hypocalymma angustifolia harvested from a black 
gravel  site  in  the  jarrah  forest  in  2009.  The  identity  of  the  isolate  was  confirmed  as  P. 
cinnamomi by DNA-sequencing of the ITS region as described by Aghighi et al. (2012) and 
lodged in GenBank (GenBank accession number JX 454789). Mating tests determined the 
isolate to be of the A2 mating type.  
 
3.2.1 Experiment 3.1: Inoculation of annual and herbaceous perennial species grown in 
a perlite/hydroponic system 
Experimental design 
Seven 1000ml polypropylene ‗take-away‘ containers (167 x 108mm) per plant species with a 
minimum of 15 plants per container were set up. Two of the containers were kept free from 
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plants were taken from each container, to give a sample of 15 potentially infected plants and 
six control plants per harvest.   
Seedling establishment and inoculation 
Seeds  were  surface  sterilised  for  one  minute  with  70%  ethanol,  and  then  soaked  for  10 
minutes in  a 1% sodium  hypochlorite solution.  Before and after the sodium hypochlorite 
treatment  the  seeds  were  washed  for  one  minute  under  running  deionised  water.  Where 
germination failed, new seeds were directly sown without surface sterilisation. They were 
germinated in a thin layer of perlite (Grade: Fine and Extra Fine; The Perlite and Vermiculite 
Factory, Perth) and placed on a rectangular lid of a ‗take-away‘ container whose centre was 
cut out, replaced with a fibreglass flyscreen mesh (approx. 140 x 90mm; Cyclone, Australia) 
and placed on its base, which was filled with perlite saturated with tap water. The mesh of the 
flyscreen held the seeds in position, whilst allowing the roots to grow through into the moist 
perlite below. Capillary action ensured that the perlite placed on top of the lid remained moist. 
To reduce evaporation, each container was covered with an ‗upside down‘ ‗take away‘ base 
and the layer of perlite was sprayed with distilled water each weekday until germination. To 
avoid  light  inhibiting  root  growth  the  container  was  placed  inside  a  modified  light-
impermeable ‗take-away‘ container (Fig 3.1). The containers were incubated at 21°C (+/-1 
°C) with a 1000 watt growth light (SS 1000 MH, Vossloh Schwabe) operating for 12h per 
day.  Once  germinated,  the  plants  were  watered  once  a  week  with  a  dilute  liquid  native 
fertiliser solution (5ml/l litre water; Australian Native Focus, Growth Technology, Australia).  
When  roots  were  2  -  6cm  in  length,  usually  when  seedlings  had  produced  their  primary 
leaves, the fly-screen lid was lifted from the growth container, any perlite attached to the roots 
was gently shaken off and the fly-screen lid transferred to another container with a solution of 
P. cinnamomi zoospores.  
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Figure 3.1 Growth containers used to germinate seedlings.  (a) Perlite-filled container with 
flyscreen mesh lid; (b) container placed in darkened container, perlite and seeds placed on top 
of flyscreen and unit covered by another container with weight to prevent desiccation; (c) 
container with germinated seedlings. 
  
To produce zoospores, 7 day-old P. cinnamomi colonised V8 agar was cut from the edge of 
the colony into 1cm
2 blocks. As sporangial and zoospore production is enhanced by low 
nutrient levels (Ribeiro 1983), the blocks were soaked twice, each for 1.5h in distilled water. 
This was followed by two treatments of 3h in  fresh distilled water with 4% soil extract. 
Finally five agar blocks were placed in each container and covered with 800ml of distilled 
water and 50ml of soil extract and left overnight (approx. 15h). Agar blocks were examined 
the next morning to confirm sporangial production and zoospore release. Given that each 
sporangium produces about 30 zoospores, this method produced between five to 20 sporangia 
per plug at the time of examination, to give 750 to 3000 zoospores per inoculation treatment. 
It is likely that more sporangia were produced during the 24 hour inoculation period. Soil 
extract was prepared by adding 100g of potting mix (Coles Brand, Australia) to 1000ml of 
distilled water and shaking for 3h on a shaker at the speed of 159rpm followed by filtering 
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Then seedlings  were transferred to  the inoculum  containers.  Leaf baits of  Quercus  suber 
(depending  on  seasonal  availability)  or  Scholtzia  involucrata  were  placed  on  the  water 
surface, to confirm through leaf infections, that zoospores were produced and infective at the 
time the roots were exposed to  the inoculum.  In addition,  two  growth  containers  for the 
control seedlings received the same treatment except that their roots were only exposed to V8 
agar plugs free from P. cinnamomi during the inoculation step. These negative controls were 
also baited to detect for any potential contamination. 
After 24h exposure to zoospores, the plants were removed and transferred to containers with 
an aerated solution of 800ml distilled water and 0.5ml autoclaved seaweed extract (Seasol 
International,  Australia). To minimise risk of contamination  and nutrient deficiencies, the 
liquid was replaced every 3 days (Fig 3.2). 
 
Figure 3.2 Seedlings (s) after inoculation with P. cinnamomi zoospores in containers with 
aerated distilled water and seaweed extract. Seedlings of the right container were removed to 
show details of aeration system (arrows).  
 
Infection status and disease progression 
In general, data for each species were obtained from the root systems of 15 individual plants. 
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The negative controls were harvested at the same time as the inoculated plants and consisted 
of two replicates, each of three plants.  
Podotheca angustifolia and Lagenophora huegelii were used to observe disease progression 
over time and were harvested more frequently (P. angustifolia at 1, 2, 4, 7, 14, 21 and 28dpi; 
L. huegelii at 1, 7, 14, 28dpi). These two species also had a larger sample size at each harvest. 
Briefly, there were five replicate trays for the control and in the case of P. angustifolia, five 
instead of three plants per replicate were examined. 
The root system of each harvested plant was surface sterilised for 20s in 70% ethanol, rinsed 
with  deionised  water,  dried  and  plated  onto  a  Phytophthora  selective  medium  (NARPH 
containing  Nilstat,  Ampicillin,  Rifadin,  PCNB=Terraclor  and  Hymexazol)  (Hüberli  et  al. 
2000).  However,  PCNB  (1,2,3,4,5  Pentachloro-6-nitrobenzene)  as  an  ingredient  was  only 
used  for  plating  P.  angustifolia,  L.  huegelii  and  Rytidosperma  caespitosum  as  it  was 
withdrawn  from  the  market  during  the  period  of  the  experiment.  Roots  infected  by  P. 
cinnamomi were then placed in a 0.05 % w/v trypan blue / lactoglycerol solution for 3 - 4h 
and destained for a minimum of 3 - 4h or overnight in lactoglycerol (88% lactic acid and 
glycerol  1:1)  before  mounting  permanently  on  microscope  slides  (Brundrett  2008). 
Examination used a BX51 Olympus microscope and a MicroPublisher 3.3RTV Q Imaging 
camera. The experiment was a completely randomised design.  
Analysis of observed structures 
For each species, the total root system of at least one individual per replicate of the 28dpi 
harvest was examined microscopically for the presence of P. cinnamomi structures. Data on 
the presence of each structure were primarily qualitative with the following categories used to 
describe differences in their frequency: 
  1: Very rare - structure present, but was only observed once or twice across all 
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  2: Occasional - structure was only found in low numbers but more than twice, 
sometimes not present in all replicates. 
  3: Frequent - structure usually detected in all colonised areas across the replicates. 
  4: Abundant - as category 3, but in some colonised areas structures were in loose 
aggregates to dense clusters.   
 
3.2.2 Experiment 3.2: Long-term survival of Phytophthora cinnamomi in the roots of 
inoculated plants grown in pasteurised black gravel soil 
To test whether survival structures of P. cinnamomi observed in the roots of inoculated plants 
grown hydroponically (Experiment 3.1) could survive in roots of plants growing in black 
gravel soil three additional growth containers and one non-inoculated container as a negative 
control were grown and inoculated as described in 3.2.1. Six plant species were used in this 
study  (Table  3.1).  After  inoculation,  plants  from  the  three  inoculated  replicates  and  one 
control tub were transferred into individual pots containing pasteurised ‗black gravel‘ soil 
obtained from the jarrah forest. Pasteurisation was undertaken by placing moist soil in hessian 
bags, laid flat for optimum steam penetration and pasteurised for 2.5h at 65°C (+/- 5°C) to kill 
pathogens  present  in  the  soil,  prior  to  the  experiment.  As  the  soil  properties  varied 
considerably over the sites, a small amount of soil from each of the 40 monitored positions 
(Chapter 2) from each control site was mixed together to create an ‗average‘ black gravel soil. 
Potted plants were placed in a temperature controlled glasshouse (evaporative cooling to a 
maximum of 24°C +/-2°C) and watered daily until a minimum of 28dpi as this duration was 
needed  for  the  pathogen  to  produce  potentially  durable  structures  such  as  thick-walled 
chlamydospores (3.3.1). The inoculated and control pots were then transferred outdoors, so 
the plants were exposed to similar environmental conditions to those at the black gravel sites. 
However, as plants in pots are more prone to extreme conditions than those in situ, measures 
were taken to avoid sudden death of the plants at the time of transfer.  Briefly, the pots were  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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sunk into 46 litre crates (Silverlock Packaging, Australia) of pasteurised soil (Fig 3.3), in 
order to buffer them from overheating and rapid drying. Runoff was collected to prevent 
contamination of the environment with P. cinnamomi.  
 
Figure 3.3 One replicate of inoculated plants (left) and control plants (right) placed outdoors 
in large containers containing pasteurised sand to buffer the plants from high temperatures 
and rapid drying out. Mesh covers prevented damage from rabbits. 
 
Plants were watered to container capacity once a week and additionally when signs of heat 
stress were observed (especially when temperatures reached more than 35°C) to avoid the 
plants  rapidly  drying  out.  The  earliest  harvest  was  for  Podotheca  angustifolia  and 
Rytidosperma caespitosum of replicate 1 after 70 days summer outdoor exposure (1
st Dec 
2010 to 9
th February 2011), mimicking normal Mediterranean conditions of summer drought 
but whilst the plants were still photosynthetically active and not senescing. However, only 
some  plants  and  their  root  system  together  with  surrounding  soil  were  harvested.  The 
harvested soil was baited, whilst the roots were thoroughly washed, surface sterilised for 20s  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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in 70% ethanol and plated on Phytophthora selective agar NARH (NARPH without PCNB) to 
test  for  the  presence  of  the  pathogen.  If  no  P.  cinnamomi  was  detected,  the  roots  were 
transferred into distilled water and soil extract for baiting. If baiting results were negative, the 
roots were stained and examined microscopically for the presence of dormant structures.  
To allow more time for the breaking of dormancy of potential survival structures both pots 
with remaining plants were tested with live baiting by planting 6 month-old Banksia grandis 
seedlings  (Apace  WA  Nursery,  Fremantle,  Western  Australia)  and  sowing  seeds  of 
Trachymene pilosa and Banksia hookeriana (Nindethana, Albany, Western Australia), species 
known  to  be  susceptible  to  infection  by  P.  cinnamomi.  The  pots  were  maintained  in  a 
glasshouse at 24°C (+/-2°C) and watered daily to container capacity. 
The remaining replicates of P. angustifolia and R. caespitosum, and all replicates of the other 
species were left unwatered outdoors from the 9
th February 2011 (70 days after inoculation) 
causing death of all plants (most likely due to experimental constraints such as less buffering 
in  pots  compared  to  natural  environment)  except  one  individual  in  replicate  three  of  P. 
angustifolia. The pots were baited in spring 2011 (19
th October) and a selection of roots from 
the inoculated plants fixed for microscopic examination.  
3.2.3 Experiment 3.3: Lesion formation by the isolate used for inoculation experiments 
As all inoculated plants, apart from Trachymene pilosa, were asymptomatic, an experiment 
was conducted to test whether the lack of symptoms was a characteristic of the Phytophthora 
cinnamomi isolate MUCC 773 used or if the plant species examined were tolerant hosts. 
Lupinus angustifolius (cv. ‗Mandalup‘) a species known to develop root lesions when infected 
with P. cinnamomi, was chosen as the host plant. For inoculation, the P. cinnamomi isolate 
MP 94.48 (GenBank Accession number JX113294), from the Murdoch culture collection was 
chosen as a positive control for a comparison with the black gravel isolate MUCC 773.   CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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Lupin seeds were germinated in aerated water until a root length of approximately 1 cm was 
reached and then inoculated with either MUCC 773 or MP 94.48 using the same inoculation 
method as described above. There were five replicate tubs each with three lupin plants per tub 
per isolate in a completely randomised design. A not-inoculated control with lupins exposed 
to sterile agar plugs was set up to examine if root lesions are caused by the growing method 
rather than the pathogen. 
 
3.3 Results 
3.3.1 Experiment 3.1: Inoculation of annuals and herbaceous perennials grown in a 
perlite/hydroponic system 
With two exceptions (Brachyscome iberidifolia 60% and Waitzia nitida 93%), 100% of the 
inoculated harvested plants across the replications were infected with P. cinnamomi by 28 
days after inoculation (Table 3.2).  
Table 3.2 Percentage of Phytophthora cinnamomi infected plants at each harvest to 28 
days post-inoculation (dpi). There were 15 plants at each harvest (* n=6 due to lack of 
material). 
Species  1dpi  2dpi  4dpi  7dpi  14dpi  21dpi  28dpi 
Amphipogon debilis              100 
Austrostipa campylachne              100 
Brachyscome iberidifolia            40  60 
Lagenophora huegelii  87      100  100  100  100 
Neurachne alopecuroidea              100 
Podotheca angustifolia  64  92  100  100  100  100
  100
* 
Rytidosperma caespitosum            100  100 
Trachymene pilosa        100       
Waitzia nitida              93 
Waitzia suaveolens var. flava            100  100 
 
No negative controls yielded the pathogen. All plant species except Trachymene pilosa were 
symptomless with no root lesions and there were no noticeable macroscopic differences in 
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pilosa were healthy, but the majority of inoculated plants were dead after 6dpi. Inoculated and 
not-inoculated Waitzia suaveolens var. flava roots were ‗unhealthy‘ in appearance and brown 
in colour, but this was the case for the control and inoculated treatments alike. In all plant 
species, except W. nitida where the pathogen was restricted to small areas, P. cinnamomi 
produced  a  range  of  structures  in  the  inoculated  roots,  although  the  abundance  of  these 
structures varied in frequency between species (Table 3.3).  
Table 3.3 Phytophthora cinnamomi structures formed in roots of annual and perennial 
plant species grown and inoculated in the perlite/hydroponic system. P. cinnamomi was 
recovered from all species. Presence and frequency is shown as 1= very rare, 
2=occasional, 3=frequent, 4=abundant at 28dpi (except Trachymene pilosa at 10dpi) 
according to criteria given in the text. 
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Amphipogon debilis  3  3  2  2  1  1   
Austrostipa campylachne  3  2        1   
Brachyscome iberidifolia  3  2  1  2  1  1   
Lagenophora huegelii  3  1  3  3  1  2  1 
Neurachne alopecuroidea  2  2  2  2  1  2   
Podotheca angustifolia  4  4  4  4  1  3   
Rytidosperma caespitosum  4  3  2  2  1  2   
Trachymene pilosa  4  3  1    1  2   
Waitzia nitida  1      1       
Waitzia suaveolens var. flava  3  3  1  1  1  1   
 
Thick-walled hyphae and chlamydospores were commonly observed in  L. huegelii and P. 
angustifolia 28dpi (Fig 3.4 C,E,F). In both species, only thin-walled chlamydospores were 
formed  within  7dpi,  but  thick-walled  hyphae  and  thick-walled  chlamydospores  were  first 
observed at 14dpi.  
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Figure 3.4 Structures of Phytophthora cinnamomi produced in the roots of plants grown in 
the perlite-hydroponic system. A: Extensive asymptomatic hyphal colonisation within roots of 
Podotheca angustifolia after 28dpi; B: Proliferation through root material with two infection 
pegs (arrows) formed in Trachymene pilosa after 7dpi; C: detail thick-walled hyphae 
(Podotheca angustifolia, 28dpi); D: Thin-walled chlamydospores (Trachymene pilosa, 7dpi); 
E and F: thick-walled chlamydospores (Podotheca angustifolia, 28dpi). Scale bars: A=80µm; 
B-F=20µm. 
 
At the same time the first stromata (Fig 3.5) were observed in several species. Oospores were 
not observed in the perlite/hydroponic system and lignitubers were only observed on one 
occasion in L. huegelii.  
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Figure 3.5 Stromata of Phytophthora cinnamomi in the roots of plants grown in the perlite-hydroponic system. 
A: Stroma in root cell of Amphipogon debilis (28dpi); B, E: Neurachne alopecuroidea (28dpi); C: Stroma in 
Austrostipa campylachne, 28dpi; D: Podotheca angustifolia, 28dpi. Scale bars: A-B, D=20µm; C, E=40µm. 
 
Hyphal strands with globose structures at regular intervals (Fig 3.6 A, B), were observed in 
the asymptomatic hosts. Some remained  globose and were regarded as putative haustoria 
while the tips of others resumed growth and these are referred to as haustoria-like structures 
(Fig 3.6 C).  
 
Figure 3.6 Putative haustoria and haustoria-like structures of Phytophthora cinnamomi in the roots of plants 
grown in the perlite-hydroponic system. Arrows show examples of putative haustoria. C: Haustoria-like 
structures, whose distal ends continue to grow. Scale bars: A, C=40µm; B=80µm.  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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3.3.2 Experiment 3.2: Long-term survival of Phytophthora cinnamomi in inoculated 
plants  
Phytophthora cinnamomi was not recovered from any of the plants which had been inoculated 
in  the  perlite/hydroponic  system  and  subsequently  transplanted  into  the  pasteurised  black 
gravel soil, kept for 28 days in the glasshouse and then transferred outdoors, when sampled 
while plants were still alive, or after their death. The plants used as live baits that have been 
exposed  to  potential  inoculum  for  approximately  five  months  showed  no  symptoms  of 
infection,  nor  were  their  roots  infected.    Similarly  the  soil  tested  before  or  after  plant 
senescence gave no recoveries when baited. Microscopic examination of representative root 
samples could only detect P. cinnamomi structures on one occasion within roots of Podotheca 
angustifolia of replicate 1, which contained thick-walled chlamydospores (Fig 3.7 A). These 
were of similar appearance to the observations obtained from the 28dpi harvests (compare Fig 
3.4 E,F). In the same root material, oospores of unknown identity were observed (Fig 3.7 B). 
 
Figure 3.7 Propagules of Phytophthora cinnamomi after hydroponically grown and 
inoculated Podotheca angustifolia were transplanted to pasteurised black gravel soil and 
transferred outdoors. Harvest after 106dpi. A: Thick-walled chlamydospores not germinating 
or not viable after 70 days of outdoor exposure during summer. B: Putative oospores of P. 
cinnamomi. Scale bars: A,B=20µm.  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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3.3.3 Experiment 3.3: Lesion formation by the isolate used for inoculation experiments 
Both isolates caused root lesions on Lupinus angustifolia (cv. ‗Mandalup‘) of similar severity 
consistently in all plants, whereas no root lesions were observed in the non-inoculated control 
plants (Fig 3.8). 
 
Figure 3.8 Comparison of lesions caused by black gravel isolate MUCC 773 (a) and ‗control‘ 
isolate MP 94.48 (b) on Lupinus angustifolius (cv. ‗Mandalup‘) seedlings. Control seedlings 
(c) exposed to Phytophthora cinnamomi - free V8 agar plugs (note long white roots compared 
to short necrotic, brown roots of inoculated roots). 
 
3.4 Discussion 
With the exception of the wilted Trachymene pilosa, all the annual and herbaceous perennial 
species  were  asymptomatically  infected  by  Phytophthora  cinnamomi.  This  indicates  that 
annual  and  herbaceous  perennial  species  contribute  to  the  increase  of  inoculum  without 
developing symptoms and the survival propagules that are produced in their roots contribute 
to the continued persistence of P. cinnamomi in the jarrah forest. It is likely that many other  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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annual and herbaceous perennial species rated ‗field resistant‘ or with unknown status might 
be ‗tolerant‘ and prone to asymptomatic infection.  
No recoveries were made from the inoculated plants which were transferred outdoors. It could 
mean that dormancy was not broken or that the propagules did not survive outdoors under the 
given conditions of experiment 3.2. If the latter is the case, survival propagules formed under 
artificial conditions might be less capable of survival than those formed in nature or that the 
experimental set-up provided insufficient conditions compared to the natural environment. As 
the inoculated plants continued to increase their root system outdoors in the soil, the original 
sites  of  infection  were  difficult  to  trace  back  and  the  root  material  examined  was  only 
inevitably  partial  with  the  shortcoming  that  thick-walled  chlamydospores  and  putative 
oospores were not available for further assessment such as viability tests or identification. 
No oospores were observed in experiment 3.1. As selfed oospores are reported to form as a 
stress response such as due to the presence of antagonists (Zentmyer 1980), this controlled 
system most likely lacked the necessary stimuli.  
The black gravel isolate used for the inoculation experiment did not differ in aggressiveness 
to Lupinus angustifolius compared to the ‗reference isolate‘ MP 94.48 and this confirms that 
the asymptomatic growth of the pathogen in the roots of the newly identified host species was 
not  an  isolate-specific  feature  or  a  result  of  the  environmental  conditions  of  the 
perlite/hydroponic growth system. Instead, P. cinnamomi is able to colonise these hosts as 
either a biotroph or an endophyte and not as a necrotroph. The putative haustoria observed 
indicate that P. cinnamomi can function as a biotroph. Ultrastructural studies of the putative 
haustoria are required to confirm whether they are indeed haustoria hence providing evidence 
that P. cinnamomi can obtain nutrients from living host cells.  
The  experimental  conditions  induced  stromata,  which  have  never  been  reported  for  P. 
cinnamomi. Even though the system in experiment 3.1 was not sterile almost all the examined  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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roots were free of other hyphal producing organisms. This allowed the conclusion that these 
structures were produced by P. cinnamomi. Initially, as this structure was never reported for 
P. cinnamomi, it required a morphological analysis to be able to determine an appropriate 
terminology.  
Hyphae were found to aggregate with short hyphal strands confined to the small area of a root 
cell  and  this  structure  was  capable  of  germination.    Due  to  convergent  evolution  of 
Phytophthora and true fungi these share analogous morphological features. The observation 
was therefore compared with the closest fungal structure which is a stroma or sclerotium – 
both  characterised  by  hyphal  aggregation.  Many  studies  have  been  conducted  on  the 
Sclerotiniaceae. This family has members with stromata as well as sclerotia. ‗Stroma‘ (pl  
stromata) literally means ‗mattress‘ or ‗covering‘ based on the Late Latin strōma in reference 
to the appearance of the loose network of interwoven hyphae where portions of the host are 
incorporated (Whetzel 1945). 
‗Sclerotium‘ (pl sclerotia) derived from the Greek word sklēros (= hard) indicating that the 
hyphal  aggregate  is  firmer  than  common  hyphae  and  was  originally  termed  ‗sclerotial 
stroma‘, therefore it is technically only a subcategory of stromata (Whetzel 1945). As the term 
sclerotia  is  loosely  defined  (Chet  and  Henis  1975)  it  is  also  applied  to  undifferentiated 
interwoven hyphae (e.g. Rhizoctonia solani). More complex sclerotia have several zones of 
specialised hyphae and melanised rind which is dark in appearance (Coley-Smith and Cooke 
1971). The absence of a rind is not at odds with the long-term survival ability as rindless 
sclerotia of R. solani and other fungi have been shown to survive for up to 13 years (Coley-
Smith and Cooke 1971). According to the most recent review of stromata and sclerotia in the 
Sclerotiniaceae, separation of mature sclerotia from the host tissue can be further used as a 
criterion  to  differentiate  sclerotia  from  stromata  (Willets  1997).  As  a  further  distinction, 
stromata aggregate more randomly than sclerotia and are located inside the host tissue rather  CHAPTER 3: ASSESSMENT OF ANNUALS AND HERBACEOUS PERENNIALS IN A CONTROLLED SYSTEM    
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than  on  the  host  surface  (Willetts  1997).  Stromata  have  been  further  described  as 
morphologically  variable  formations  in  regard  to  size,  compactness  and  degree  of 
differentiation and depending on varying conditions the same fungal species might not always 
produce them (Willetts 1997).  Functionally, it is suggested that due to the hyphal density of 
stromata the capacity to store nutrients acquired from the host material is significant, which in 
turn can result in prolific production of mycelium and spores when conditions are favourable 
for  their  germination  (Willetts  1997).  They  can  also  act  as  survival  propagules  (Willetts 
1997). Based on the above criteria, the observed structures were termed stromata although 
their  survival  capacity  and  spore  production  still  requires  confirmation  (Chapter  6). 
Regardless whether stromata are produced under more natural conditions, this is a significant 
finding as they are a novel observation for P. cinnamomi. In addition, they would also have 
significance for the survival of the pathogen, as stromata are very durable structures.  
Future  research  could  utilise  this  controlled  perlite/hydroponic  system  to  screen  large 
numbers of annuals and herbaceous perennials as potential hosts of  P. cinnamomi and to 
expand  studies  to  plant  species  from  other  ecosystems.  Furthermore,  other  classical 
necrotrophic or hemibiotrophic oomycetes could be assessed for their behaviour in annual and 
herbaceous perennial plant species with this system.      
In Chapter 4 further studies of annual and herbaceous perennial plant species when challenged 
with P. cinnamomi are described under more natural conditions in pasteurised black gravel 
soil.    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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CHAPTER 4 
 
Colonisation and formation of survival propagules by Phytophthora 
cinnamomi in Australian native annuals and herbaceous perennials grown 
in pasteurised black gravel soil 
 
4.1 Introduction 
Phytophthora cinnamomi is able to colonise annual and herbaceous perennial species and 
form thick-walled chlamydospores and stromata under the controlled conditions of the perlite-
hydroponic  system  with  a  minimum  of  interference  from  other  organisms  (Chapter  3). 
Previous research has established that biotic and abiotic factors in the rhizosphere can alter 
the plant pathogen interaction to either suppress or stimulate P. cinnamomi (Chapter 1). This 
implies that assessment of disease impact of the pathogen on annual and herbaceous plants 
should include biotic and abiotic factors similar to those found in the natural environment. It 
is  possible  that  the  ability  of  P.  cinnamomi  to  infect  and  colonise  roots,  and  that  the 
production  of  survival  propagules  will  be  different  for  plants  grown  under  more  natural 
conditions compared to those grown hydroponically (Chapter 3). Therefore, the aim of this 
chapter  was  to  study  the  interaction  of  P.  cinnamomi  and  Australian  native  annual  and 
herbaceous perennial plant species by growing and inoculating plants in pasteurised black 
gravel soil.  
4.2 Material and methods 
Two  inoculation  experiments  in  black  gravel  soil  were  designed  to  compare  the  plant 
pathogen interactions with the observations made in the perlite/hydroponic system (Chapter 
3).  The  first  experiment  was  partly  conducted  in  a  temperature  controlled  and  irrigated    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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glasshouse, but some of the replicates were transferred outdoors, five days after they had been 
inoculated with Phytophthora cinnamomi. The second experiment was conducted completely 
outdoors with seed gemination and subsequent plant development dependent on the onset of 
autumn rains to ensure synchronisation with the natural environment. Inoculation was also in 
synchrony with the natural environment as it was undertaken during a rainy period when 
Trachymene  pilosa  was  first  found  to  be  infected  on  a  black  gravel  site  in  the  natural 
environment (Chapter 5). 
Soil type and soil treatment 
To create a uniform black gravel soil, samples of soil from the control plots 1C and 2C that 
were collected for the seasonal testing of pathogen activity (Chapter 2) and stored in sealed 
ziplock bags (Sandvik, Australia) indoors at 21°C (+/- 1°C) were bulked and mixed. The soil 
was then placed in hessian bags, moistened and pasteurised for 2.5h at 65°C (+/- 5°C) to kill 
pathogens present in the soil, prior to the experiment. A fresh batch of pasteurised black 
gravel soil was prepared for each experiment. Plating, baiting and microscopic examination of 
roots  from  non-inoculated  plants  grown  as  negative  controls  were  used  to  confirm  that 
pasteurisation was effective and also to detect possible cross-contamination.  
Plant species and sourcing of seeds 
Eight of the ten plant species used in the perlite/hydroponic experiment 3.1 (Chapter 3, Table 
3.1)  were  used  for  experiment  4.1  and  three  species  for  experiment  4.2.  Seeds  for  both 
experiments  were  from  the  same  suppliers  and  seed  lots  (Table  4.1)  with  exception  of 
Rytidosperma caespitosum which required seeds from a different seed lot for experiment 4.2. 
For experiment 4.1, Dichelachne crinita was chosen as an additional herbaceous perennial 
species with unknown susceptibility and Podolepis gracilis as an additional annual species 
rated as field resistant (McDougall 2005), both with a distribution wider than the jarrah forest 
(Western Australian Herbarium 1998-).     CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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Table 4.1 Jarrah forest annual and herbaceous perennial species selected for inoculation 
experiments in black gravel soil. N: Nindethana Australian seeds; A: Alcoa Marrinup 
Nursery. *: new species not included in experiment 3.1 (Chapter 3). 
Species  Experiment  Life form  Source of 
seeds 
Amphipogon debilis
  4.1  herbaceous perennial  N 
Brachyscome iberidifolia  4.1  annual  N 
Dichelachne crinita*  4.1  herbaceous perennial  N 
Lagenophora huegelii  4.1  herbaceous perennial  A 
Neurachne alopecuroidea  4.1  herbaceous perennial  A 
Podolepis gracilis*  4.1  annual  A 
Podotheca angustifolia  4.1, 4.2  annual  A 
Rytidosperma caespitosum  4.1, 4.2  herbaceous perennial  A 
Trachymene pilosa  4.1, 4.2  annual  N 
Waitzia suaveolens var. flava  4.1  annual  N 
 
Preparation of inoculum 
The P. cinnamomi black gravel isolate MUCC 773 used for experiments 3.1 to 3.3 (Chapter 
3) was  also utilised for the following inoculations according to the methods described in 
experiment 3.1. Briefly, the isolate was grown at 21°C (+/- 1°C) in the dark on V8 agar for 
one week. Plugs with the size of 1cm
2 were cut from the edge of the colony and immersed in a 
series of distilled water washes amended with soil extract to remove excess nutrients and to 
stimulate the production of sporangia and zoospore release. Five such inoculum plugs were 
used per pot for the inoculation and produced approximately 750 to 3000 zoospores per 400 
ml of solution. Five agar plugs free of inoculum were used for the control treatments.  
Microscopic examination 
The presence of P. cinnamomi was determined according to the methods described in 3.2.2 
except that no live baiting was undertaken. Instead all the root material was harvested for 
testing  by  plating  onto  NARPH/NARH  and  soil  with  any  remaining  roots  fragments  by 
double baiting. Roots tested positive for  P. cinnamomi were then placed in a 0.05% w/v 
trypan blue/lactoglycerol solution for 3 to 4h and destained for a minimum of 3 to 4h or 
overnight in lactoglycerol (88% Lactic Acid and Glycerol 1:1) before mounting permanently 
on microscope slides (Brundrett 2008). Observation and documentation was undertaken at    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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100 to 400 times magnification using a BX51 Olympus microscope and a MicroPublisher 
3.3RTV Q Imaging camera.   
Analysis of observed structures in cleared root material 
Analysis followed the same method used in experiment 3.1. In experiment 4.1 the replicates 
were defined as the pots taken at the different harvest times.  
  1: Very rare - structure present, but was only observed once or twice across all 
replicates. 
  2: Occasional - structure was only found in low numbers but more than twice, 
sometimes not present in all replicates. 
  3: Frequent - structure usually detected in all colonised areas across the replicates 
 
4.2.1 Experiment 4.1: Inoculation of plants grown in pasteurised black gravel soil  
Seeds were sown into the pasteurised black gravel soil contained in free-draining square pots 
(10cm  height  x  7cm)  and  watered  daily  to  container  capacity  in  an  evaporative  cooled 
glasshouse (not exceeding 24°C +/-2°C). The experiment was conducted between the end of 
summer (2
nd March 2011; inoculation) and the end of autumn (25
th May 2011; 84dpi harvest 
outdoors). Seven pots per species were prepared; two pots along with one negative control 
were kept in the glasshouse after inoculation, whilst three pots with one negative control were 
transferred  outdoors  to  mimic  disease  development  under  natural  conditions.  Emerging 
seedlings were on average 39 days old when they were inoculated with the MUCC 773 isolate 
in a constant temperature room (21°C +/- 1°C) by placing each pot into round plastic tubs 
containing 400ml distilled water with the inoculum (Fig 4.1). This procedure temporarily 
waterlogged the soils and exposed the plant roots to the zoospore inoculum. The controls 
were placed in 400ml distilled water with agar plugs free of P. cinnamomi. After 24h, all pots 
were removed from the tubs. For the pots to be transferred outdoors, five additional days in    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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the  glasshouse  were  allowed  for  the  pathogen  to  establish  in  the  roots  under  optimal 
temperature and moisture conditions.  After this period, the three inoculated pots  and one 
control pot per species were placed outdoors with pots sunk into 46 litre crates of pasteurised 
sand  (Silverlock  Packaging,  Australia)  to  buffer  the  pots  from  temperature  extremes  and 
excessive moisture fluctuations. Each pot was watered when plants showed signs of wilting to 
ensure survival of the plants. The two remaining inoculated pots and one control pot per 
species were kept in the glasshouse.  An average of six plants from one pot were harvested at 
28dpi and 56dpi with one additional outdoor harvest at 84dpi. Both controls were harvested at 
56dpi, with roots plated and microscopically examined, and soils double baited to confirm 
pasteurisation  was  effective  and  that  hygiene  procedures  were  sufficient  to  avoid  cross-
contamination for the duration of the study. 
 
Figure 4.1 24h zoospore inoculation of glasshouse grown seedlings in black gravel soil in a 
controlled temperature room at 21°C (+/- 1°C). Arrow: Example showing water level in 
inoculation tub.  
 
4.2.2 Experiment 4.2: Controlled inoculation of plants synchronised with germination 
and inoculum exposure as would occur under natural conditions of black gravel sites  
This  experiment  was  conducted  between  April  (autumn)  and  September  (end  of 
winter/spring) 2011 to match as closely as possible the environmental conditions typical for 
seed  germination  and  pathogen  activity  on  the  black  gravel  sites  in  the  jarrah  forest.    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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Temperature data of soil in pots was obtained with a data logger  (Hobo® micro station, 
Onset computer corporation, USA) from 10 cm depth and compared with the readings from 
the study site 1C (Chapter 2). Briefly, the seeds were sown before the beginning of autumn 
rains in free-draining round pots (10cm height x 7.5cm diameter) of dry, pasteurised black 
gravel soil. The inside of the pots were lined with bottomless Styrofoam cups to buffer the 
soil and plants against extreme temperatures that may occur due to the small size of the pots. 
Additionally, the individual pots were placed on the mesh of upside-down plastic pot trays 
within large foam boxes, to ensure that the pots did not stand in free water, hence preventing 
waterlogging  and  zoospores  from  cross  contaminating  pots  during  heavy  rainfall  periods. 
Drained water was collected and removed to avoid contamination of the environment. Pots 
were not watered so seed germination was dependent on rainfall and synchronous with the 
same plant species found on the black gravel sites. This ensured that the experimental plant 
species were at the same age and developmental stage as the same plant species on the black 
gravel  sites  when  conditions  were  conducive  for  P.  cinnamomi.  In  turn  this  ensured  the 
highest  likelihood  that  the  experimental  conditions  would  trigger  the  same  pathogen 
responses found under natural conditions. 
Trachymene pilosa, Podotheca angustifolia and Rytidosperma caespitosum were chosen as 
the host species in this experiment as they were common on the black gravel sites, germinated 
easily, allowed proliferation of the pathogen‘s mycelium and survival structures within the 
root system, and had a good tolerance to moisture fluctuations (experiments 3.2, 4.1). Each 
species was regarded as ‗germinated‘ when all pots contained several young seedlings with 
cotyledon(s) clearly above ground.  The plants were inoculated in winter (24
th June 2011; 
Table 4.3) as described above (4.2.1) except that in preparation the colonised agar plugs were 
left for 48h to allow extra time for sporangial production. Another modification to 4.2.1 was 
that the 24h inoculation was conducted outdoors. Inoculation was undertaken at a time when    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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first recoveries were being obtained from T. pilosa on the black gravel sites (Chapter 5). 
Negative controls received the same treatment, except that the V8 plugs were not colonised 
by P. cinnamomi.  
For each harvest, there were two replicate pots per species with an average of six seedlings, 
depending on germination of seeds and survival outdoors in the absence of irrigation. Plants 
were available from one negative control pot per species per harvest where no inoculation was 
undertaken. 
Harvests were 27, 56 and 85 days post inoculation (dpi). T. pilosa had one additional harvest 
at 10dpi, when plants began to collapse due to infection by P. cinnamomi. At harvest the 
plants were separated from the soil, the roots thoroughly washed in distilled water and then 
plated separately on NARH. The soil was baited as described in 2.2 (Chapter 2) and roots 
were fixed for microscopic examination.  
 
4.3 Results 
4.3.1 Experiment 4.1: Plants grown and inoculated in pasteurised black gravel soil 
Seedlings grown and inoculated in pasteurised black gravel soil and kept under glasshouse 
conditions showed that seven out of 10 species (Table 4.2) were infected with Phytophthora 
cinnamomi  but  did  not display  typical  disease  symptoms  (Fig  4.2)  with  the  exception  of 
collapsing  Trachymene  pilosa  from  which  P. cinnamomi  was  recovered by the combined 
soil/root baiting, but not by plating of the roots. All pots which were inoculated also tested 
positive  in  the  soil/root  fragment  baiting.  No  negative  controls  were  infected  with  P. 
cinnamomi.    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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Figure  4.2  Experiment  4.1  Rytidosperma  caespitosum  as  an  example  of  asymptomatic  plants  raised  and 
inoculated in pasteurised black gravel soil at the 56dpi harvest. No notable differences in plant health between 
negative control in the glasshouse (a) and the inoculated glasshouse plants (b). (c) negative control of plants 
transferred outdoors and inoculated but negative outdoor plants (d). 
 
Table 4.2: Recovery and morphological structures of Phytophthora cinnamomi in plants 
grown and inoculated in pasteurised black gravel soil maintained under glasshouse or 
outdoor  conditions.  Recovery:  +  =  yes;  -  =  no  recovery.  Morphological  structures:  
numbers  indicate  frequency  according  to  criteria  (1=very  rare;  2=occasional; 
3=frequent;  blank=not  present;  n.e.:  not  examined).  Roots  of  some  species  of  the 
negative outdoor harvests contained non-viable putative hyphae of P. cinnamomi (*).   
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Amphipogon debilis  +  3  1  3 
   
1  1 
 
- (*) 
Brachyscome iberidifolia  -  (*) 
             
- 
Dichelachne crinita  -  (*) 
             
- 
Lagenophora huegelii  -  (*) 
             
- 
Neurachne alopecuroidea  +  1 
 
1 
     
1 
 
- (*) 
Podolepis gracilis  +  3  1 
   
2  2  1 
 
- (*) 
Podotheca angustifolia  +  3  1  1 
 
1  2  2 
 
- (*) 
Rytidosperma caespitosum  +  2  1  1  1 
   
1  2  - (*) 
Trachymene pilosa  +  n.e.  n.e.  n.e.  n.e.  n.e.  n.e.  n.e.  n.e.  - 
Waitzia suaveolens var. flava  +  2  2  1 
 
2  1  1 
 
- (*) 
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Thick-walled chlamydospores, oospores in Rytidosperma caespitosum, stromata, lignitubers 
and putative haustoria and haustoria-like structures were observed in the roots of the plants 
grown under the glasshouse conditions (Table 4.2; Fig 4.3). This was the second observation 
of putative P. cinnamomi oospores (compare with Fig 3.7 B) in the roots of a herbaceous 
perennial plant species.  
No recoveries were made from roots of plants transferred outdoors during summer, or by 
baiting the soil/root fragments. Any observed spores in these negative roots as well as the not-
inoculated  control  plants  were  not  morphologically  similar  to  P.  cinnamomi.  Likewise, 
control  plants  and  negative  outdoor  plants  were  colonised  by  a  range  of  filamentous 
organisms  which  either  formed  septate  or  coenocytic  hyphae  but  morphologically  were 
unlikely to be P. cinnamomi.  However, along the root surface of the negative outdoor plant 
species, putative non-viable hyphae of P. cinnamomi were observed along the root surface 
together with lignitubers in the roots of Waitzia suaveolens var. flava (data not presented). In 
contrast  to  the  negative  outdoor  plants,  in  the  glasshouse  grown  plants  of  Brachyscome 
iberidifolia, Dichelachne crinita and Lagenophora huegelii, from where P. cinnamomi could 
not be recovered (Table 4.2), putative hyphae of P. cinnamomi were observed inside root 
cells. This indicates that penetration occurred but plant defence was successful under these 
conditions.    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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Figure 4.3 Morphological structures of Phytophthora cinnamomi induced in annual and 
herbaceous perennial plant species grown and inoculated in pasteurised black gravel soil 
under controlled glasshouse conditions. A: Putative haustoria in Podotheca angustifolia 
(56dpi). B: Germinating stroma (arrow shows germ tubes) in Rytidosperma caespitosum at 
28dpi. C: Two stromata in P. angustifolia at 28dpi). Note that right stroma connects with left 
stroma via germ tube (arrow). D: Putative oospores of P. cinnamomi formed in R. 
caespitosum (28dpi). E:  Lignituber in P. angustifolia (28dpi). Arrow points to putative 
hyphae of P. cinnamomi. F: Numerous lignitubers in P. angustifolia (56dpi). Scale bars: A, 
D=20µm; B, C, F=40µm; E=10µm. 
 
4.3.2 Experiment 4.2: Plants synchronised with germination and infection of plants 
growing on black gravel sites  
When seedlings were sown outdoors in pasteurised black gravel soil, these germinated in 
synchrony with Trachymene pilosa and many other annual and herbaceous perennial plant 
species on the black gravel sites. The first record of young germinants (cotyledon stage) of T. 
pilosa on black gravel sites (BG sites) was the 5
th May and in the experimental pots on the 9
th 
of May 2011. As germination completely depended on the rainfall and other environmental 
conditions, the numbers which germinated and survived in the pots fluctuated between two to 
18 per pot (average 6 plants). To simulate natural conditions young seedlings were inoculated 
while the pathogen was also found active in the natural environment. Temperatures measured    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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were confirmed to be sufficiently high (Table 4.3) during parts of the inoculation period to 
allow infection. In comparison to the readings from the natural environment, temperatures 
fluctuated more within the pots, so plants and pathogen were less buffered (Table 4.3).  
 
Table 4.3: Parameters of the three plant species used in the synchronised experiment 4.2 
Species  Date of 
germination 
Approximate age of plants at 
inoculation (days) 
Podotheca angustifolia  28April 2011  58 
Rytidosperma caespitosum
  4May 2011  53  
Trachymene pilosa  9May 2011  48 
Environmental conditions during inoculation and for the duration of the experiment 
                                                                                     Pots                  Comparison BG site                              
Min/Max temp. (°C) during 
inoculation in pots (24/6;8:30am - 
25/6/2011;8:30am)  
10.8/21  13.5/16.4 
Min/Max temp. (°C)  in pots during 
period 24
th June (inoculation) to 16
th 
Sept 2011 (85dpi harvest)  
2/26.3  9.4/20.8 
Min/Max temp. (°C) during the first 
week after inoculation from 25
th June 
to 1
st July 2011 [duration of temperate 
high in hours] 
8.4/21.7 [3.5h above 
20]                          
11/16.4 [8h above 
15.5] 
 
In this experiment, P. cinnamomi was recovered from all three potted species, but recovery 
rates decreased with time after inoculation (Table 4.4). All pots from which inoculated plants 
did  not  yield  P.  cinnamomi  when  tested  by  baiting  soil  and  root  fragments.  Whilst 
Rytidosperma caespitosum and Podotheca angustifolia showed no disease symptoms during 
the whole observation period, some of the inoculated T. pilosa seedlings collapsed 10 days 
post inoculation, so a first harvest was conducted at 10dpi for this species. In some wilted 
plants, the shoots became detached from the roots, so it was not always possible to allocate 
the root systems of collapsed T. pilosa to individuals, so these were usually left in the soil for 
baiting.  
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Table 4.4: Number of infected of plants / number of plants tested. Plants grown in pots 
of pasteurised  black gravel  soil and inoculated outdoors  in synchrony with  those on 
black gravel sites. *: recovery from plating root fragments, #: recovery from baiting of 
soil/root  fragments.  Number  in  superscript  with  exclamation  mark:  Number  of 
collapsed plants that could be individually identified. 
Plant species  
Percent of infected plants per harvest 
10dpi  27dpi  56dpi  85dpi 
Rep1  Rep2  Rep1  Rep2  Rep1  Rep2  Rep1  Rep2 
Podotheca 
angustifolia  no harvest  no harvest  0/2  1/4  0/5  1/9  0/3  0/5 
Rytidosperma 
caespitosum  no harvest  no harvest  9/10  17/18  2/5  5/6  1/6  0/6 
Trachymene 
pilosa  0/3
*,#  10
!6/10  8
!0/8  7
!2/8  2
!0/2  3
!0/3  0/3  1
!0/5 
 
Figure 4.4  Example of seedlings  of  Trachymene pilosa  at  27 days post  inoculation with 
Phytophthora cinnamomi during winter. (a) negative control; (b) symptomless but infected 
individuals; (c) some collapsed (arrow) due to  P. cinnamomi. 
 
A range of P. cinnamomi structures were observed (Table 4.5). 
Table  4.5:  Summary  of  the  morphological  structures  of  Phytophthora  cinnamomi 
observed  in  plants  inoculated  and  grown  in  synchrony  with  black  gravel  sites.  +: 
present; numbers indicate frequency (1=very rare; 2=occasional; 3=frequent).  
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Thin  and  thick-walled  hyphae  and  chlamydospores,  stromata,  lignitubers  and  putative 
haustoria (Fig 4.5), but no oospores were produced under these conditions.  
 
Figure  4.5  Structures  and  growth  of  Phytophthora  cinnamomi  in  roots  of  plants  inoculated  and  grown  in 
synchrony with the black gravel sites. A: Chlamydospores (arrow) in Trachymene pilosa (27dpi). B: Stroma 
(arrow) and hyphal proliferation in Rytidosperma caespitosum (27dpi). C: Stroma in detail (R. caespitosum, 
56dpi). D: Lignitubers (arrows) in T. pilosa (56dpi). E: putative haustoria (arrows) in T. pilosa (10dpi). Scale 
bars: A, C, D=20µm; B, E=100µm. 
 
4.4 Discussion 
The majority of the tested annual and herbaceous perennial plant species from the Eucalyptus 
marginata  forest  were  colonised  by  Phytophthora  cinnamomi  but  expressed  no  disease 
symptoms.  The  results  support  the  observations  made  in  the  perlite/hydroponic  system 
(Chapter 3) that the majority of these species are asymptomatic hosts of P. cinnamomi. As 
with the perlite hydroponic system described in Chapter 3 the exception was Trachymene 
pilosa,  where  many  individuals  collapsed  approximately  1  week  after  inoculation.  In    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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difference  to  the  perlite  hydroponic  system,  Lagenophora  huegelii  and  Brachyscome 
iberidifolia  were  resistant  to  P.  cinnamomi  infection  in  the  glasshouse  (experiment  4.1), 
whilst Dichelachne crinita was only assessed in experiment 4.1 and was resistant under the 
glasshouse conditions.  
Microscopic examination demonstrated the formation of a wider range of potential long-term 
survival structures in roots grown in soil compared to those produced under the conditions in 
the perlite/hydroponic experiment 3.1 (Chapter 3). In addition to thick-walled hyphae, thick-
walled chlamydospores and stromata observed in the roots of plants grown under controlled 
conditions (Chapter 3.1), oospores and lignitubers were produced in the roots of the plants 
grown  under  more  natural  conditions.    Even  though  oospores  were  only  produced  in 
pasteurised black gravel soil under glasshouse conditions, and then, only in low numbers in 
one species (Table 4.2) this suggests that P. cinnamomi is capable of producing oospores. 
Oospores must have been from selfing as the soil was pasteurised. Pasteurised soils may lack 
the necessary biotic factors to trigger oospore formation (Zentmyer 1980; Jayasekera et al. 
2007) and more oospores can be expected in soils that have not been pasteurised. Oospores 
could survive the harsh conditions of black gravel sites during summer, but are commonly 
regarded as insignificant for the survival of the heterothallic P. cinnamomi due to lack of 
evidence that they are formed in natural environments, even on the rare occasions where both 
mating types coexist (Old et al. 1988; Dobrowolski et al. 2003). However, this is at odds with 
observations of selfing induced by a range of stimuli under experimental conditions (Chapter 
1). As oospores did not form in large numbers, in experiment 4.1, it was not possible to 
isolate them and grow pure cultures to confirm that they were formed by  P. cinnamomi. 
However,  there  are  indications  that  P.  cinnamomi  forms  oospores  within  annual  and 
herbaceous perennial plant species. Serrano et al. (2010) found that the annual Lupinus luteus, 
commonly  planted  as  a  forage  crop  in  Mediterranean  rangeland  ecosystems  where  P.    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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cinnamomi  causes  oak  decline,  is  a  symptomatic  host.    Serrano  et  al.  (2011)  referred  to 
Jayasekera  et  al.  (2007)  whose  inoculation  experiment  triggered  selfed  oospores  within 
another susceptible species of the genus (L. angustifolius) and cited the study of Caetano et al. 
(2009) which reports of high genetic variability between P. cinnamomi isolates from the same 
region,  which is unlikely to be derived from asexual reproduction. Serrano  et al. (2011) 
suggested that an investigation should be undertaken to determine whether  P. cinnamomi 
produces oospores in this Mediterranean ecosystem within the annual Lupinus luteus. 
Compared with  the infected roots  from  plants  grown in  perlite/hydroponic system,  thick-
walled chlamydospores were also observed in the current study. Stromata ocuured as well, 
some with clear evidence of germination. Also lignituber formation was observed in roots 
tested positive for P. cinnamomi and on occasions within inoculated roots from which the 
pathogen  was  not  recovered.  The  encapsulation  of  P.  cinnamomi  hyphae  in  lignitubers 
produced by the host plant in response to invasion by the pathogen might provide a sufficient 
buffer against dehydration and antagonistic microorganisms, allowing the hyphae to survive 
for  long  periods  and  hence  become  a  possible  source  of  inoculum  when  environmental 
conditions become conducive for the pathogen. However, the observation of these lignitubers 
in the inoculated roots from where the pathogen could not be recovered could mean one of the 
following; firstly, their formation was triggered by another filamentous organism; secondly, 
P. cinnamomi hyphae in lignitubers were dead; or lastly, longer periods are required to allow 
the lignitubers to deteriorate and hence provide P. cinnamomi the opportunity to grow out. 
More work is required to clarify whether they are important structures for the survival of P. 
cinnamomi. 
Failure to recover P. cinnamomi from glasshouse grown plants transferred outdoors and kept 
alive by watering (experiment 4.1), demonstrates that soil conditions were not appropriate to 
maintain  pathogen  viability  when  infection  occurs  in  asynchrony  with  plants  and  their    CHAPTER 4: ASSESSMENT OF NEW HOST SPECIES IN BLACK GRAVEL SOIL 
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developmental stage in the natural environment. In contrast, the outdoor plants inoculated 
during winter in synchrony with the phenology of plants on black gravel sites, yielded P. 
cinnamomi from all harvests (experiment 4.2).  This highlights the difficulties of studying the 
biology  of  the  pathogen  under  controlled  conditions  that  do  not  match  the  interactions 
between  the  host  and  the  pathogen  that  happen  spatially  and  temporally  under  natural 
conditions. It was also observed that soils in the natural environment have a greater buffering 
capacity  against  temperature  extremes  (Table  4.3)  and  moisture  fluctuations  (data  not 
presented) compared to the soil in pots. Both of these abiotic factors have been shown to play 
a significant role for P. cinnamomi (Chapter 1). In hindsight, the inoculated plants should 
have been incubated in the glasshouse for 14 days rather than five days prior to moving them 
outdoors. It is possible that under the harsh summer conditions, the incubation period was not 
long enough for the pathogen to fully colonise the roots before they were transferred to the 
outdoors.   
Therefore, observations in situ on the black gravel sites are needed to determine whether P. 
cinnamomi is present in annual and herbaceous perennial species in naturally infested sites 
and to ascertain which survival propagules are formed. Compared to the pasteurised soil of 
the experiments, under natural conditions other microorganisms will be present in the roots 
and rhizosphere, potentially altering the response of P. cinnamomi to the prospective host 
species  (e.g.  Malajczuk  and  McComb  1979)  and  altering  the  production  of  survival 
propagules (e.g. Johnson and Heather 1982). Due to the likely presence of morphologically 
similar  filamentous  organisms  it  will  be  necessary  that  any  P.  cinnamomi-like  structures 
observed in the plant tissues are confirmed to be produced by P. cinnamomi (Chapters 5 and 
6).                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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CHAPTER 5 
 
Annual and herbaceous perennial native Australian plant species are 
asymptomatic hosts of Phytophthora cinnamomi on black gravel sites in the 
Eucalyptus marginata (jarrah) forest of Western Australia 
   
 
5.1 Introduction 
Phytophthora cinnamomi is an oomycete root pathogen with a broad host range which has 
been spread worldwide (Zentmyer 1980; Erwin and Ribeiro 1996). Besides plant losses in 
agriculture  and  horticulture,  it  kills  dominant  and  rare  plant  species  in  many  natural 
environments and is an important pathogen in  15 (Dunstan  et al. 2010) of the 35 global 
biodiversity hotspots. Since the identification of P. cinnamomi, the number of plant species 
known to be susceptible has constantly increased. Within the context of Australia‘s native 
vascular flora, the most recent list is a compilation of published and unpublished data by 
McDougall (2005), but this only contains 5% of the Australian vascular flora (Cahill et al. 
2008) and 962 of the 12,172 native plant species of Western Australia (Western Australian 
Herbarium  1998-)  with  239  Western  Australian  species  from  which  P.  cinnamomi  was 
isolated in the wild. Therefore, 92% of the native vascular flora of Western Australia has an 
unknown status with regards to its susceptibility or resistance to P. cinnamomi. However, for 
the  south-west  of  Western  Australia  (which  includes  the  Eucalyptus  marginata  (jarrah) 
forest), where a Mediterranean climate is conducive for the pathogen, Shearer et al. (2004) 
extrapolated that 40% (2284 out  of 5710) of the described plant species  are likely to  be 
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Most research has focused on the pathogen‘s impact on susceptible plant species and has 
generated  valuable  data  for  conservation  purposes  in  natural  environments  where  P. 
cinnamomi has been introduced, but little is known about the pathogen‘s potential impact on 
plant species surviving within infested areas which are considered ‗tolerant‘ or ‗resistant‘. 
This  is  especially  the  case  for  annual  and  herbaceous  perennial  plant  species  which  can 
comprise almost 50% of species for the jarrah forest (Western Australian Herbarium 1998-). 
There is very little data on them in the list of McDougall (2005) and annual and herbaceous 
perennial  plant  species  have  rarely  been  reported  to  succumb  to  the  pathogen  in  natural 
environments  in  Australia  (McDougall  2005),  or  globally  (Zentmyer  1980).  Since,  P. 
cinnamomi appears to survive indefinitely on sites where it has killed the majority if not all 
susceptible plant species (McDougall et al. 2002), it is necessary to determine whether it is 
able to survive in annual and herbaceous species that are able to produce seed rapidly and are 
likely to do so, even if they become infected during their lifecycles.  Consequently, the aim of 
the current study was to test the hypothesis that annual and herbaceous perennial plant species 
are hosts that allow P. cinnamomi to persist on sites in the absence of susceptible perennial 
woody species.  
 
5.2 Material and methods  
Selection of study sites, plant species and sampling time 
Fifty-two sites were chosen in areas of the Eucalyptus marginata (jarrah) forest in south-west 
Western Australia known as black gravel sites (32°50‘24.50‖S 116°03‘50.65‖E) where P. 
cinnamomi persists despite a substantial reduction or total disappearance of susceptible plant 
species.  Characteristic for these landscapes is the presence of 60-80% gravel (McArthur et al. 
1991) of black colour above a lateritic cemented layer with depressions prone to waterlogging                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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and therefore increased chances of root infection (Shea et al. 1984). Previous seasonal soil 
sampling over a period of 2.5 years using the leaf baiting technique (Erwin and Ribeiro 1996) 
as a detection method had confirmed the presence of P. cinnamomi adjacent to these sites 
(Chapter 2). Annual and herbaceous plant species in the majority of cases appeared to be 
unaffected by the presence of the pathogen and were collected from sites prone to temporary 
waterlogging following rainfall events, and from some free-draining sites. From these 52 sites 
19 plant species (13 annual species and six herbaceous perennial species) from 18 genera and 
10 families were collected to determine whether they were hosts of P. cinnamomi.  
Sampling was undertaken weekly from 28
th June (winter) to 1
st November 2011 (spring). To 
determine whether the  pathogen remains  viable within roots of infected species from the 
beginning of winter to spring an emphasis was placed on Stylidium diuroides (herbaceous 
perennial), Chamaescilla corymbosa (herbaceous perennial) and Trachymene pilosa (annual) 
which  were  frequently  found  to  be  infected  and  were  present  across  the  study  sites  in 
sufficient numbers to enable repeated harvests. Not all species were present at each site to 
allow sequential weekly harvesting from a site. 
During  the  period  from  the  28
th  June  to  1
st  November,  the  monthly  rainfall  combined 
(November excluded) was 98.7mm below the long-term average for these months based on 
the nearest weather station in Dwellingup (Station 009538, 32.7103°S 116.0594°E) (Bureau 
of Meteorology 2011, data not presented).  
Sampling procedure and isolation method 
Root systems were carefully removed from the soil with as many roots intact as possible. 
Each plant was shaken to remove soil particles and immediately transferred into a 50ml round 
tub containing distilled water to remove the remaining soil. The majority of plants were plated 
in the field by drying each root system on a paper towel and immediately placing the whole 
root system onto plates of a Phytophthora selective medium NARPH (Hüberli et al. 2000) but                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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without  PCNB  (1,2,3,4,5  Pentachloro-6-nitrobenzene)  which  has  been  removed  from  the 
market. These were sealed with Parafilm and placed in an insulated box for transport to the 
laboratory.  
On average, 170 individuals were collected at each sampling time until the 23
rd of August; 
thereafter  between  30
th  August  to  the  1
st  November  approximately  56  individuals  were 
collected each week.  Plated roots were incubated at 21°C (+/-1°C) in the dark and examined 
daily for three days then after six days and intermittently up to 14 days.  Outgrowing colonies 
were examined microscopically for morphological features typical for P. cinnamomi (Erwin 
and Ribeiro 1996). Sites from which P. cinnamomi were recovered were revisited periodically 
and  additional  plants  collected.  A  set  of  eight  representative  isolates  from  annuals  and 
herbaceous perennials (MUCC 785, 786, 788-793) were prepared for identification by DNA 
sequencing using the methods summarised in Aghighi et al. (2012), to confirm they were P. 
cinnamomi. Briefly, mycelium on half-strength PDA agar was harvested and genomic DNA 
extracted according to the method of Andjic et al. (2007). The region spanning the internal 
transcribed spacer (ITS1-5.8S-ITS2) region of the ribosomal DNA was amplified using the 
primers DC6 (Cooke et al. 2000) and ITS-4 (White et al. 1990). The PCR reaction mixture 
and PCR conditions were described previously (Andjic et al. 2007). The clean-up of products 
and sequencing were performed as  described by Sakalidis  et  al.   (2011) using the  ITS-4 
primer. 
5.3 Results 
Host range 
Phytophthora cinnamomi was recovered from 15 of the 19 annual and herbaceous perennial 
plant species sampled (Table 5.1). These represented nine vascular plant families with twelve 
species  native  to  Australia,  each  a  member  of  a  different  genus  (Western  Australian 
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Table 5.1 Recovery of Phytophthora cinnamomi from annual and herbaceous perennial 
species on black gravel sites known to be infested with P. cinnamomi. Sampling period 
28
th June to 1
st Nov 2011. Infected species in bold. 
Species  Family  New 
genera 
New 
family 
Total 
harvested 
Total 
positives 
Asymp-
tomatic 
ANNUALS       
   
 
Centrolepis sp.  Centrolepidaceae  n.a.  n.a.  13  0  n.a. 
Crassula closiana   Crassulaeae  +  +  62  3  +  
Hydrocotyle callicarpa  Araliaceae  -  -  68  6  +  
Hypochaeris glabra b,c  Asteraceae  +  -  26  1  +  
Levenhookia pusilla  Stylidiaceae  +  -  91  5  - (a) 
Levenhookia stipitata  Stylidiaceae  n.a.  n.a.  8  0  n.a. 
Lysimachia arvensis b   Primulaceae  +  +  20  2  +  
Pentameris airoides b  Poaceae  +  -  22  1  +  
Podotheca angustifolia  Asteraceae  +  -  58  1  +  
Pterochaeta paniculata  Asteraceae  +  -  102  2  +  
Rhodanthe citrina  Asteraceae  n.a.  n.a.  3  0  n.a. 
Siloxerus multiflorus  Asteraceae  +  -  17  1  + 
Trachymene pilosa  Araliaceae  +  -  447  74  +  
HERBACEOUS 
PERENNIALS 
            Chamaescilla corymbosa  Asparagaceae  -  -  123  51  - (r) 
Drosera erythrorhiza  Droseraceae  +  +  9  3  - (r+a) 
Lagenophora huegelii  Asteraceae  n.a.  n.a.  6  0  n.a. 
Paracaleana nigrita  Orchidaceae  +  -  4  2  - (r+a) 
Rytidosperma caespitosum  Poaceae  +  -  18  2  +  
Stylidium diuroides  Stylidiaceae  -  -  117  65  - (a) 
TOTAL                   
15 of 19  9 of 10  12  3 
 
219  10 
 a=above ground symptoms (stems and leaves); b = introduced species; c= sometimes 
herbaceous perennial; r=root symptomatic; + = yes; - = no 
 
 
Phytophthora isolations 
A total of 219 P. cinnamomi isolations (Table 5.1) were made from 18 of the 52 locations. 
The ITS region of eight representative isolates from different hosts and/or collection times 
were sequenced. A similarity search against the Genbank database using the Basic Local 
Sequence Alignment Tool for nucleotides (Blast n) confirmed the identity of these isolates as 
P. cinnamomi. The sequences of these isolates were lodged in Genbank (GenBank Accession                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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numbers:  JX113308  to  JX113315)  and  the  isolates  were  placed  in  long-term  storage  at 
Murdoch University. 
Disease expression 
Ten species from which P. cinnamomi was recovered remained asymptomatic throughout the 
sampling period and included Trachymene pilosa (Table 5.1; Fig 5.2). Five species, including 
Chamaescilla corymbosa and Stylidium diuroides, developed disease symptoms typical of P. 
cinnamomi  (Fig  5.1)  in  August,  mid-winter.  Within  sampling  locations,  part  of  the  S. 
diuroides  population  wilted  without  root  symptoms,  whilst  other  infected  individuals 
remained asymptomatic. C. corymbosa did not  show symptoms above ground but lesions 
were frequently observed in the tubers (Fig 5.1 B). P. cinnamomi was recovered from the 
tissues with lesions as well as from asymptomatic tissues.   
 
Figure 5.1 A: A dying Stylidium diuroides (Stylidiaceae) with an asymptomatic Pentameris 
airoides (Poaceae) in close proximity. Phytophthora cinnamomi was recovered from both 
plants (collection 13
th September 2011). B: Symptomatic root lesions of Chamaescilla 
corymbosa (Asparagaceae) in spring (13 Sept 2011) with water soaked lesions (thick arrows) 
and yellow discolouration (thin arrow). P. cinnamomi was recovered from three of the eight 
tubers. C. corymbosa has no above ground disease symptoms.   
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Figure 5.2 Annual and herbaceous perennial plant species in response to Phytophthora 
cinnamomi. A to C are examples of asymptomatic hosts, D is symptomatic. A: Trachymene 
pilosa (12
th July 2011). B: Hydrocotyle callicarpa (26
th July 2011). C: Lysimachia arvensis 
(9
th Aug. 2011). D: Drosera erythrorhiza (20
th Sept. 2011) with brown necrotic leaves.  
 
 
Time of recovery 
Frequent sampling of the three Australian native species (T. pilosa, C. corymbosa and S. 
diuroides)  within  ten  locations  demonstrated  that  P.  cinnamomi  was  present  in  naturally 
infected roots of annual and herbaceous perennial species during winter through to spring 
2011 (Table 5.2). 
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Table 5.2 Seasonal recovery of Phytophthora cinnamomi from Trachymene pilosa 
(annual), Stylidium diuroides and Chamaescilla corymbosa (herbaceous perennials) in ten 
sites prone to temporary waterlogging in 2011. Figures give the number of positive 
recoveries/number of plants tested from each site. First isolations on the W2 site from 13 
out of 37 T. pilosa plants on the 28
th June.   
Sp 
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Spatial distribution 
At  each  sampling  location,  not  all  examined  individuals  were  infected  by  P.  cinnamomi 
(Table 5.2), suggesting a very heterogeneous distribution across the study site. Likewise, 
infected individuals of C. corymbosa frequently had only some of their tubers infected even 
though the individual‘s tubers were only approximately 5cm apart from each other (Figs 5.1 
B; 5.3). Even though most sampling focused on depressions prone to temporary waterlogging, 
P. cinnamomi was also recovered from plants growing on relatively free-draining slopes.                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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Figure 5.3 The number of Chamaescilla corymbosa plants with 1-100% tubers per plant 
infected with Phytophthora cinnamomi (n = 31).  
 
5.4 Discussion 
With the exception of Chamaescilla corymbosa which has been reported to be susceptible in 
Victoria (McDougall 2005), but not in Western Australia, none of the other species have 
previously  been  reported  to  be  infected  by  P.  cinnamomi.  Twelve  genera  previously  not 
known  to  contain  species  which  harbour  the  pathogen  were  found  to  be  hosts  of  P. 
cinnamomi:  Crassula,  Drosera,  Hypochaeris,  Levenhookia,  Lysimachia,  Paracaleana, 
Pentameris, Podotheca, Pterochaeta, Rytidosperma, Siloxerus and Trachymene.  The host 
extension also applied at the family level, as for the first time species from the Crassulaceae 
(Crassula  closiana),  Droseraceae  (Drosera  erythrorhiza)  and  Primulaceae  (Lysimachia 
arvensis) were shown to host the pathogen.  
This  extends  the  host  range  of  P.  cinnamomi  to  include  ten  annual  and  five  herbaceous 
perennial plant species. These life forms were previously not considered to be important in 
the  life  cycle  of  the  pathogen  (Zentmyer  1980);  however,  it  has  been  hypothesised  that   
‗resistant‘ and symptomless plants could host the pathogen and provide inoculum (Phillips 
and Weste 1984; Cahill et al. 2008). As numbers of susceptible woody species were severely 
reduced on the study area and constant recoveries of P. cinnamomi were made from a number 
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of  annual  and  herbaceous  perennial  plant  species  throughout  space  and  time,  this  study 
strongly supports the hypothesis that annual and perennial herbaceous plants are key host 
species which allow P. cinnamomi to persist on black gravel sites in the jarrah forest. Further 
experimental inoculations under laboratory conditions of a number of annual species from a 
range of locations in the jarrah forest (and including some of the species utilized in this study) 
gave similar results (Chapters 3, 4) to those observed in plants collected from the natural 
environment. Due to the lack of disease symptoms, these species were previously rated as 
either ‗field resistant‘ or were not present in the list of McDougall (2005). In the present 
study, 79% (15) of the tested annual and herbaceous plant species were shown to be hosts of 
P. cinnamomi on black gravel sites. Amongst the symptomatic herbaceous perennial plant 
species, the sudden onset of wilting of S. diuroides amongst healthy individuals towards the 
end of winter (August) makes this species a suitable indicator species for the presence of P. 
cinnamomi in areas where it is present. The very heterogeneous distribution of infected plants 
in dense populations as well as amongst tubers of C. corymbosa individuals is similar to the 
observations of woody hosts, where healthy plants are found in close proximity to infected 
individuals of the same species (McDougall et al. 2002), and the phenomenon that only up to 
30% of the root system of an individual plant is infected even in highly susceptible plant 
species agrees with the observations of Zentmyer (1980).  
P. cinnamomi is traditionally classified as a necrotroph, acquiring nutrients by killing host 
cells (Cahill et al. 2008) or as a hemibiotroph (Hüberli et al. 2000; Cahill et al. 2008), prior to 
becoming a necrotroph. The initial biotrophic phase of biphasic species can be long, with 
Phytophthora  infestans  as  a  classic  example  of  how  hemibiotrophs  can  be  overseen  in 
apparently asymptomatic plants (Fry 2008). Phytophthora ramorum along with Phytophthora 
kernoviae  represent recently emerged oomycete threats where evidence suggests that host 
plant species can be initially colonised without significant symptoms (Fichtner et al. 2012).                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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However, for annuals such as T. pilosa, the absence of symptoms suggests that the pathogen 
does not grow as a nectrotroph, although it is possible that necrotrophic symptoms could be 
masked  by  senescence  late  in  the  season.  The  annual  leaf  abscission  of  the  herbaceous 
perennial C. corymbosa after fruiting could be clearly attributed to the lifecycle of the species 
rather than disease impact as infected individuals were developmentally in synchrony with 
individuals that tested negative for P. cinnamomi.  
In support, the putative haustoria from the experiments conducted in Chapters 3 and 4 were 
likely to be real haustoria given the Transmission Electron Microscope (TEM) work (Chapter 
6). The TEM images of Wetherbee et al. (1985) are indicative of haustoria and they reported 
an  initial  biotrophic  phase  of  growth  when   Zea  mays  was  infected  with  P.  cinnamomi, 
however  Chapter  6  is  the  first  report  of  haustoria  being  associated  with  a  continuously 
asymptomatic  response  for  P.  cinnamomi.  The  occurrence  of  these  specialised  nutrient 
absorbing  haustoria  typical  for  biotrophs  and  hemibiotrophs  help  explain  as  to  why  P. 
cinnamomi is able to proliferate asymptomatically in the majority of annuals and herbaceous 
perennial  species.  With  the  exception  of  the  S.  diuroides  that  died,  most  of  the  infected 
annuals and perennial herbaceous species produced seed and persisted on black gravel sites 
thus providing host material continuously over time and hence allowing the pathogen to use 
these hosts for maintaining inoculum indefinitely. Thick-walled chlamydospores, oospores 
and stromata are formed in these annual and herbaceous perennial plants (Chapters 3, 4) and 
function as survival structures over the summer (Chapter 6).  
From a management perspective, the results highlight that efforts to eliminate the pathogen by 
a period of vegetation removal (Dunstan et al. 2010) will not be successful if annual and 
herbaceous perennial plant species are allowed to remain.  
It will be of interest to determine if P. cinnamomi can use annual and herbaceous perennial 
plant species as hosts in other ecosystems to ensure its survival across seasons. Based on the                      CHAPTER 5: ANNUALS AND HERBACEOUS PERENNIALS ARE HOSTS OF P. CINNAMOMI IN NATURE 
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current  study  this  is  likely  to  be  the  case,  especially  since  the  exotic  annual  species 
Hypochaeris  glabra,  Lysimachia  arvensis  and  Pentameris  airoides  were  found  to  be 
asymptomatic hosts of P. cinnamomi.  This also suggests that invasive plant species might 
contribute to the persistence of the pathogen.  This would have important implications for 
disease  management  internationally,  especially  in  natural  environments  where  annual  and 
herbaceous perennial plant species represent a high percentage of the total vegetation.   
This study has for the first time shown the importance of symptomatic and asymptomatic 
annual  and  herbaceous  perennials  as  hosts  of  P.  cinnamomi.  These  are  an  important  but 
previously overlooked group of plants that can allow the pathogen to persist on sites once 
susceptible species have disappeared or have substantially reduced numbers.            CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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CHAPTER 6 
 
Survival structures of Phytophthora cinnamomi in naturally recruited 
Australian native annual and herbaceous perennial plant species on black 
gravel sites 
 
6.1 Introduction 
Phytophthora  cinnamomi  is  a  soil-borne  root  pathogen  with  a  broad  host  range  and 
necrotrophic mode of infection (Zentmyer 1980; Cahill et al. 2008) and results in the death of 
many susceptible plant species and the degradation of ecosystems worldwide including 15 
global biodiversity hotspots (Dunstan et al. 2010). Phylogenetically and taxonomically, this 
pathogen is affiliated with the class Oomycetes in which swimming zoospores are produced 
and released from sporangia (Hardham 2005). This key event in the asexual lifecycle depends 
on the availability of free water during warm periods. As the pathogen is able to quickly 
produce zoospores it may cause severe disease outbreaks even in Mediterranean areas with 
only short conducive periods (Cahill et al. 2008).  One example is in the Western Australian 
Eucalyptus  marginata  (jarrah)  forest,  where  the  spread  of  the  disease  increased  from 
approximately 1.5% of the forest area in 1940 (Dell et al. 2005) to 6% in 1972 (Podger 1972), 
and more recently 14% (Davison and Shearer 1989).  
Whilst the role of zoospores in the spread of P. cinnamomi is well documented (Shearer and 
Tippett 1989), there is no satisfactory information on the structures used for survival over 
unfavourable seasons such as the long, hot and dry summers of Mediterranean ecosystems. It 
is known that P. cinnamomi remains viable in woody tissues of dead susceptible species for 
up to 34 months (Collins et al. 2012), however the type of inoculum was not identified.           CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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P. cinnamomi can also form asexual chlamydospores and sexual oospores. It is commonly 
accepted that chlamydospores play a role in survival as they can form thick walls and are 
separated from the hyphae by a septum.  However, definitive evidence is lacking (McCarren 
et al. 2005). Oospores are commonly considered unimportant for survival as the heterothallic 
P. cinnamomi requires two mating types for oospore formation. The A1 mating type has a 
narrow distribution (Zentmyer 1980) and even where both mating types have been found, 
there is no evidence of mating (Dobrowolski et al. 2003). It has been suggested that genetic 
isolation of mating types has occurred as a result of a degenerating compatibility system and 
further, that the A2 type dominates due to the ability to form selfed oospores (Brasier 1975). 
However, this autogamy has been only reported under experimental conditions (Zentmyer 
1980; Jayasekera et al. 2007).  
Discussions about alternative survival structures are rare. Lignitubers have been observed (T. 
Jung 2010  pers.  comm.). These are formed as  a  general  plant  response to  penetration of 
hyphae but may protect the embedded hyphal fragments of P. cinnamomi from dehydration 
and microbial attack.  Recently, a survival structure analogous to stromata of true fungi was 
detected  in  inoculation  experiments  of  Phytophthora  ramorum  for  the  first  time  in  a 
Phytophthora  species  and  these  stromata  were  shown  to  produce  dense  clusters  of 
chlamydospores and sporangia (Moralejo et al. 2006). 
By inoculation (Chapter 3, 4) and isolations from the natural environment (Chapter 5), it was 
evident that P. cinnamomi infects a range of annual and herbaceous perennial plant species 
from  the  jarrah  forest  and  that  the  majority  of  these  were  asymptomatic.  These  were 
previously not considered to be hosts and it is suggested that survival propagules may exist 
within  these  species,  allowing  P.  cinnamomi  to  persist  on  high-impact  sites  even  though 
susceptible woody plant species have almost been eliminated from such sites.          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Therefore microscopic examination of the naturally infected annual and herbaceous perennial 
plant species  (Chapter  5) was conducted to  clarify whether  P. cinnamomi  forms  survival 
propagules in nature. 
6.2 Material and methods 
6.2.1 Collection of Phytophthora cinnamomi positive root material 
One  native  annual,  Trachymene  pilosa  and  two  herbaceous  perennial  plant  species, 
Chamaescilla  corymbosa  and  Stylidium  diuroides  (Western  Australian  Herbarium  1998-) 
were collected weekly during winter (28
th June 2011) to spring 2011 (1
st November 2011) and 
then less frequently at the end of spring and summer 2011/12 from a naturally P. cinnamomi 
infested  black  gravel  area  within  the  Eucalyptus  marginata  (jarrah)  forest  of  Western 
Australia  (32°50‘24.50‖S  116°03‘50.65‖E)  in  areas  prone  to  temporary  waterlogging  and 
some free-draining sites. Briefly, whole root systems were removed from the soil, cleaned and 
plated immediately in the field onto Phytophthora selective NARPH medium (Hüberli et al. 
2000) but without 1,2,3,4,5 Pentachloro-6-nitrobenzene (PCNB). The plates were incubated 
in the dark at 21°C (+/- 1°C) and examined daily for the presence of hyphae typical of P. 
cinnamomi.  
6.2.2 Examination of root material 
After two or more days, as soon as outgrowths of hyphae typical of Phytophthora cinnamomi 
were observed from plated roots, these were removed from the agar and processed in one of 
four ways as quickly as possible, to minimise the formation of structures which were not 
present in the roots at the time of harvest. The agar plates were observed for an additional two 
to three days to ensure these hyphae were forming P. cinnamomi colonies. 
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Treatment 1: Morphological studies 
For detailed microscopic studies of structures formed by P. cinnamomi, root material was 
cleared with 10% potassium hydroxide (KOH) (if suberised) and stained with Trypan blue in 
0.05% w/v lactoglycerol (1:1:1 lactic acid, glycerol and water) (Brundrett 2008) for one to 
several  hours  according  to  root  thickness.  The  roots  were  then  destained  and  stored  in 
lactoglycerol. To prepare mounted slides, destained roots were placed between a microscopic 
slide and a cover slip with 1 to 3 drops of lactoglycerol. Thicker root material was squashed 
where  necessary  and  the  preparation  sealed  with  nail  polish.  Material  was  viewed  and 
documented with a BX51 Olympus microscope and a MicroPublisher 3.3RTV Q Imaging 
camera and Olysia BioReport (Soft Imaging System 1986-2002) as the associated software. 
Treatment 2: Proof of spore identity by germination and sequencing   
To  isolate  and  grow  single  colonies  from  single  oospores  or  single  thick-walled 
chlamydospores,  root  material  of  Chamaescilla  corymbosa  in  which  oospores  and 
chlamydospores were observed was cut transversely and placed on a concave microscopic 
slide with a drop of distilled water. The root material was gently scraped with a razor blade 
held at a 90° angle along the transversely cut surface. In this species, separation of spores 
from the root tissue was relatively easy as the already soft tuberous material was softened by 
some cell destruction due to P. cinnamomi colonisation. Approximately 60µl of the scraped 
suspension  was  taken  up  with  a  micro-pipette  and  placed  into  a  small  drop  of  freshly 
squeezed mucilaginous gel from the parenchymatous cells of the leaf pulp of Aloe vera (‗Aloe 
vera gel‘) that had been placed on a Petri-dish of NARH medium. The Petri-dish was then 
sealed and stored upside down and during the next 24 h the combined hanging drop of A. vera 
gel and spore suspension diffused into the agar medium. The addition of A. vera gel served 
several  functions,  it  suppressed  bacterial  growth,  provided  plant  metabolites  such  as  beta 
sitosterol  (Choi  and  Chung  2003)  potentially  beneficial  for  oospore  germination  and 
continuous  growth,  prevented  desiccation  and  improved  microscopic  visualisation  of  the          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
 
100 
 
spores on agar. Once distal ends of the growing hyphae were confirmed to be derived from a 
spore and advanced enough to subculture, single spore colonies were prepared for subsequent 
long-term  storage  and  for  sequencing  the  ITS  region  (Aghighi  et  al.  2012)  to  provide 
molecular proof of identity. Briefly, as outlined in Chapter 5, the harvested genomic DNA 
was extracted and the region spanning the internal transcribed spacer (ITS1-5.8S-ITS2) region 
of the ribosomal DNA amplified using the primers DC6 (Cooke et al. 2000) and ITS-4 (White 
et  al.  1990).  The  PCR  reaction  mixture  and  PCR  conditions  were  described  previously 
(Andjic et al. 2007). The clean-up of products and sequencing were performed as described 
by Sakalidis et al.  (2011) using the ITS-4 primer. 
Treatment 3: Fluorescent in-situ hybridisation (FISH) to confirm structure identity 
For additional confirmation that the oospores, stromata and chlamydospores observed within 
root material were formed by P. cinnamomi, fluorescent in situ hybridisation (FISH) was 
performed (Li 2012). Briefly, roots were immersed in fixative buffer, incubated and gradually 
dehydrated by a series of ethanol washes. The hybridisation procedure was conducted in a 
darkened room, where 2.0 µl of probe was added as part of a hybridisation mix, roots added 
and incubated at 50°C for 1.5 h in the dark, removed and incubated twice with SET buffer at 
50°C for 15 min in the dark. The specificity of the probe only allowed hybridisation with the 
nuclei of P. cinnamomi (Fig 6.1). Autofluorescence of plant tissues was overcome by staining 
in 1% toluidine blue (Fig 6.1). Root material was fixed and slides viewed at 100 and 200 
magnification  with  an  epifluorescence  microscope  Olympus  BX51  under  UV  light  (330-
385nm)  with  an  emission  filter  of  420nm  under  which  the  labelling  dye  Alexafluor350 
appeared bright blue compared with the bright view. Images were taken using an Olympus 
DP70 digital camera (Japan) with DP Controller and DP Manager software.           CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Figure 6.1 Specificity of the FISH assay and elimination of autofluorescence of host material (Chamaescilla 
corymbosa, 2
nd August 2011). A: Root under  white light; B: The same area under UV light. Bright spotted 
fluorescence is the probe binding to the nuclei of Phytophthora cinnamomi in hyphae and chlamydospore (white 
arrows). Dull uniform fluorescence is seen in spores likely to be oospores of a Pythium species (yellow arrows). 
No fluorescence (and no binding of the probe) is seen in associated hyphae of Pythium sp. (red arrows).          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Treatment  4:  Ultrastructural  transmission  electron  microscopic  analysis  of  putative 
haustoria 
A  longitudinally  sectioned  asymptomatically  infected  root  piece  of  Trachymene  pilosa 
collected on the 19
th July 2011 was used for ultrastructural studies. The material was fixed in 
3% glutaraldehyde in 0.025M phosphate buffer (pH 7.0) followed by  2% osmium tetroxide in 
0.025M phosphate buffer then dehydrated through increasing concentrations of acetone (5% 
to 100% acetone), infiltrated with increasing concentrations of Spurr‘s epoxy resin before 
embedding in fresh 100% Spurr‘s resin. Areas of interest were initially viewed by 1µm thick 
light microscope sections stained with 1% methylene blue and 1% azur II in 1% sodium tetra 
borate (Richardson et al. 1960). Transmission electron microscope sections (80 - 90nm thick) 
were contrasted with uranyl acetate followed by lead citrate and viewed between 1600x to 
52000x with a Philips CM 100 Bio transmission electron microscope.  
6.2.3 Determination of mating type 
Isolates 
Eight  representative  isolates,  sequenced  and  confirmed  to  be  Phytophthora  cinnamomi 
obtained from different host plants, locations and collection times (Chapter 5) were used to 
determine the mating type to ascertain whether the oospores were produced by selfing or due 
to mating with the opposite mating type.  
Mating tests were set up with two replicates including a positive control where the tester 
strains  P.  cinnamomi  A1  ‗MUCC  794‘  (GenBank  Accession  number:  JX454790)  and  P. 
cinnamomi A2 ‗MUCC 795‘ (GenBank Accession number: JX454791), obtained from the 
Murdoch University culture collection (sequenced (Aghighi et al. 2012) and confirmed to be 
P. cinnamomi), were used for mating the isolates. Both tester strains were used as negative 
controls by pairing A1 mycelium with A1 and A2 with A2.  
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Preparation of isolates 
Isolates were aseptically taken out of long-term water storage and plugs of each isolate as 
well as the A1 and A2 P. cinnamomi tester strains were inserted approximately 0.5cm deep 
into a surface sterilised apple (cv. Granny Smith) to revitalise the isolates. After 10 days all 
isolates had caused large lesions, from which four pieces (approx. 0.5cm
2) from underneath 
the apple skin were plated on NARH and incubated. Outgrowing hyphae were subcultured for 
each isolate after two days on V8 agar. Parafilm© sealed plates were stored in the dark at 
21°C (+/-1°C) for seven days. 
Mating 
After  seven  days  0.5cm
2  plugs  were  taken  from  the  edge  of  each  colony  and  placed 
approximately 0.5cm away from a similar plug containing either the P. cinnamomi A1 or A2 
tester strain on V8 agar plates amended with 30mg l
-1 beta sitosterol (Practical Grade, MP 
Biomedicals, Ohio) to stimulate oospore formation (Ribeiro 1978). The beta sitosterol was 
dissolved with approximately 2ml of 100% ethanol in a heated water bath before adding to 
the medium before autoclaving. All plates were sealed with Parafilm©, placed within two zip 
lock bags and wrapped in aluminium foil to exclude light. The two replicates for each mating 
combination  were  kept  in  two  different  locations  with  room  temperatures  conducive  for 
oospore development (between 20°C to 26°C). The plates were inspected after two and six 
weeks.  
6.3 Results 
6.3.1 Microscopic observations of field isolations 
6.3.1.1 Overview 
From the end of June to the beginning of August, Phytophthora cinnamomi was recovered 
from the naturally infected asymptomatic roots of Trachymene pilosa, Stylidium diuroides and 
Chamaescilla  corymbosa.  However,  from  August  onwards,  whilst  P.  cinnamomi  infected          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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individuals of T. pilosa remained asymptomatic until natural senescence, root lesions were 
observed  for  C.  corymbosa  although  above  ground  tissues  remained  symptomless  and  S. 
diuroides wilted without visible root lesions (Chapter 5). A range of morphological structures 
of P. cinnamomi were observed in all three species. In all cases the tissues appeared to be 
extensively colonised.  
6.3.1.2 Thick-walled chlamydospores and lignitubers 
Thick-walled chlamydospores were detected within root tissues of C. corymbosa, S. diuroides 
and  T. pilosa and these germinated to  produce viable colonies  (Fig 6.2 A). Whilst  some 
chlamydospores were observed on the surface of roots, there was evidence that they also 
occurred within the root  tissue. The  clearest  indicators that  chlamydospores  were formed 
within host cells and not on the root surface were that in some cases the chlamydospores were 
elongated as a result of host cell constriction (Fig 6.2  B) while in other cases the host cell 
walls had distorted and expanded due to the developing chlamydospore (Fig 6.2 C).  
A single thick-walled chlamydospore isolate was obtained by subculturing the proximal end 
from one out of two proliferating germ tubes. The ITS region was sequenced and Blast n 
confirmed  the  identity  of  the  isolate  as  P.  cinnamomi  (GenBank  Accession  number: 
JX113308; Murdoch University storage MUCC 793).  
One germinated chlamydospore with hyphae typical of P. cinnamomi was detected in dead 
root tissue of C. corymbosa in which the chlamydospore had persisted over the summer (Fig 
6.2 D). Lignitubers (Fig 6.2 F) were observed rarely and in some cases in close proximity to 
structures of P. cinnamomi (Fig 6.2 E). 
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Figure 6.2 Chlamydospores and lignitubers of Phytophthora cinnamomi. A: Chlamydospore 
separated from naturally infected root tissue of Chamaescilla corymbosa showing several 
germ tubes establishing a colony (23
rd August 2011); B: A thick-walled chlamydospore 
elongated due to the restriction of the plant cell wall (Stylidium diuroides, 30
th August 2011); 
C: Thick-walled chlamydospore distorting host cell (S. diuroides, 13
th September 2011); D: A 
chlamydospore, which survived in a root over summer and germinated (arrows) the following 
spring (C. corymbosa, 4
th October 2011); E: Germinating chlamydospore with germ tube 
encapsulated by a lignituber (arrow) (Trachymene pilosa, 2
nd August 2011); F: Detail of 
lignituber with hyphae of P. cinnamomi in root of Podotheca angustifolia. Scale bars: A= 
100µm; B-C, E-F=20µm; D=40µm. 
 
 
6.3.1.3 Stromata 
Besides hyphae proliferating through the host tissue (Fig 6.3 A), hyphal aggregations variable 
in density and appearance were observed and termed ‗stromata‘ (singular stroma) according 
to the closest analogous structure in ascomycetes and basidiomycetes (Fig 6.3).          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Figure 6.3 Extensive asymptomatic colonisation of Phytophthora cinnamomi within a root of Stylidium 
diuroides (16
th August 2011) and formation of stromata (marked as 1 and 2) germinating with multiple germ 
tubes. A to D show stroma 1 with large white arrow as a reference point to an infection peg (also Fig 6.7 A). A: 
Overview: The right half of the picture shows a hyphal network proliferating intracellularly by infection pegs 
(small white arrows show examples); B: Detail of the stromata confined within their host cells; C: Detail of a 
germinating chlamydospore (black arrow) with (D) germ tube of the marked chlamydospore in focus (black 
arrow) as well as other germ tubes derived from stroma (marked as *). Scale bars: A=80µm; B=40µm; C-
D=20µm. More structural details in Fig 6.7 and conceptualisation of stromata in Fig 6.9. 
 
Typically stromata were confined to one cell, but it was also observed that emerging hyphae 
penetrated new root cells in close proximity to form more stromata (Fig 6.4 B). Within some 
stromata  hyphae  formed  chlamydospores  (Fig  6.3  B,  C).  Several  germ  tubes  emerged 
simultaneously in root material collected during winter and developed into hyphae typical of 
P. cinnamomi (Fig 6.4 A+D, E). These germ tubes were capable of producing selfed oospores 
(Figs 6.4 H; 6.4 B+C) and chlamydospores (Figs 6.5 A; 6.6 C). The nuclei within these 
structures and the germ tubes hybridised with the P. cinnamomi specific fluorescent probe 
(Fig 6.4 G). The detection of a darkly pigmented stroma germinating in dead root material 
(Fig 6.4 C) confirmed that stromata were able to survive summer conditions on the study site.           CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Figure 6.4 Stromata of Phytophthora cinnamomi found in annual and herbaceous perennial plant species as a 
dense hyphal aggregation with septae dividing it into several units and showing growth of multiple germ tubes. 
A and D: Dense hyphal masses forming stroma (vertical arrow) in Chamaescilla corymbosa (13
th September 
2011) with (D) detail of germ tubes arising from stroma shown in (A) (horizontal arrows); B: Network of 
stromata in C. corymbosa (2
nd August 2011); C: Pigmented stroma that has over summered and germinated with 
multiple germ tubes (arrows) the following spring in dead root material of C. corymbosa (4
th October 2011); E: 
Dense stroma with numerous germ tubes in Stylidium diuroides (12
th July 2011); F and G: Application of FISH 
to a germinating stroma (F) under bright view and (G) under UV light. Note in (G) the fluorescent probe binding 
to the P. cinnamomi nuclei within the stroma (S. diuroides, 12
th July 2011); H: Stroma germinating to produce 
oospores (arrows) in S. diuroides (26
th July 2011). Scale bars: A-B, D-G = 100µm; H=50µm; C=40µm. 
 
 
Figure 6.5 Stromata of Phytophthora cinnamomi in naturally infected tuberous root of Chamaescilla corymbosa 
from the 13
th September 2011. A: Germinating stroma (white arrow) with one germ tube (thin black arrow) 
producing a chlamydospore (thick black arrow); B: Germinating stroma where a germ tube penetrates another 
root cell and produces a selfed oospore as evident in (C) when focused. Scale bars: A-C=40µm.             CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Developmentally, the formation of stromata appears to be fast, as the majority were observed 
in a mature stage. However, some root material contained developing stromata where hyphal 
aggregates  were  not  yet  filling  the  host  cell  (Figs  6.6  B;  6.7).  Preliminary  observations 
suggest that there are two main types of stromata, the ‗common type‘ and the rarer ‗coiling 
type‘. In the first case, after a hypha has penetrated the host, it elongates without significant 
side branching until it reaches the cell boundary of the host, at which point numerous hyphal 
swellings form to fill the host cell and septae form to produce discrete ‗units‘ varying in size 
and shape. Most of these swellings are  globose and  are by definition chlamydospores  as 
delimited by septa, even though they are smaller than usual chlamydospores. In cases where 
the individual units are very dense, the shape adjusts to the shape of the cell. In the case of the 
rarer ‗coiling type‘, a hypha penetrates a host cell and grows throughout the host cell in 
different directions with some side branches elongating but with little or no swellings and 
septation is sparse (e.g. Figs 6.6 B,D; 6.8).  
 
Figure  6.6  Stromata  of  Phytophthora  cinnamomi  in  naturally  infected  roots  of  Stylidium  diuroides.  A,  C: 
‗Common type‘ and B, D: ‗Coiling type‘. A: Two germinating stromata (germ tubes: *) with lower stroma 
unequally dense, not completely filling host cell (5
th July 2011). B: Early developmental stage of ‗coiling type‘ 
stroma, where entering hypha starts to form side branches which are confined within host cell (26
th July 2011). 
C: Stroma with hyphal swellings (1), thin-walled (2) and thick-walled (3) chlamydospores which germinate (e.g. 
4) (12
th July 2011). D: Fully developed ‗coiling type‘ stroma, with hyphae of stroma exiting the host cell by 
proliferation of side branches or germ tubes (26
th July 2011). Scale bars: A-D=20µm.  
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Microscopic  images  along  with  line  drawings  for  each  stromata  type  were  used  to 
conceptualise their formation and structure (Figs 6.7 – 6.9).   
 
Figure 6.7 Common type stroma of Phytophthora cinnamomi (based on stroma 1 in Fig 6.3). 
The hyphal masses begin to form septa giving rise to chlamydospores in dense area (left). The 
initiating hypha is still recognisable amongst the increasing hyphal swellings at the distal end 
(right). Three of these swellings are in close proximity to the host cell (blue line) and exit by 
penetration pegs (arrow: infection peg used in Fig 6.3 as a reference point). *: Germinating 
chlamydospore marked in Fig 6.3C. Bars: 20µm. 
 
 
Figure 6.8 Coiling type stroma of Phytophthora cinnamomi (based on Fig 6.4 H). A: Stroma 
producing selfed oospores. B: Structures in (A) traced, host cell as blue line. One hypha 
(black arrow) penetrates host cell and fills host cell by coiling with minimal hyphal swelling; 
side branches are relatively aligned to each other. White arrow: Rare formation of a septum 
within a stroma of the coiling type or a putative infection peg (not verifiable in this image due 
to lack of 3-dimensional information).  
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Figure 6.9 Interpretation of Phytophthora cinnamomi stromata development. A to D: ‗common type‘ and E to H 
rare ‗coiling type‘. The box symbolises the host cell. A: Penetrating hypha with initials of hyphal swellings. B: 
Increase of hyphal swellings, some develop into intercalary chlamydospores as septa form (black circles). C: 
Hyphal swellings start to fill the host cell. D: Formation of individual units by septation (by definition 
chlamydospores), which some germinate. E: Penetrating hyphae. F: There are no hyphal swellings, but hyphae 
further proliferate and form side branches. G: Coiling of hypha and side branches due to confines of the host cell. 
H: Mature stroma with exiting hypha as germ tubes or side branches penetrating host cell by penetration pegs.  
 
6.3.1.4 Oospores 
Oospores were repeatedly detected in plated P. cinnamomi positive roots of all three species 
in the absence of other Phytophthora species (Fig 6.10). Their formation was most abundant 
in the tuberous roots of C. corymbosa, where they occurred in dense clusters of approximately 
300 to 400 oospores per square millimetre (Figs 6.10 A; 6.11). For C. corymbosa, oospores 
were mostly found within water soaked lesions which developed in mid August, but were also 
present in asymptomatic root tissue in July. Oospores were mainly amphigynous (Fig 6.10 
C,K+L); however, a few oospores with paragynous antheridia were also observed (Fig 6.10 
N)  in  accordance  with  earlier  reports  (Hüberli  et  al.  1997).  Commonly,  oospores  were 
plerotic, round in shape and typically between 25µm and 30µm in diameter (e.g. Fig 6.10 J), 
but ranged from 22 to 42µm with a minority being oval shaped (Fig 6.13 F) or aplerotic (Fig 
6.12  J).  Many  of  the  oospores  in  the  root  tissue  of  C.  corymbosa  had  germinated  and 
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proliferating  oospores  from  the  root  material  without  damage  (Fig  6.10  E,F).  However, 
germinated  oospores  in  this  advanced  stage  rarely  continued  to  grow  after  transfer  to 
Phytophthora selective agar NARH medium (Figs 6.10 F + 6.13 D,E). In contrast, oospores 
which had not germinated at the time of transfer to A. vera gel on NARH produced germ 
tubes that increased several fold in length within several hours leading to viable colonies. 
Separated oospores were also floated in water so germinated oospores could be rotated by 
application of a slight and constant pressure on the cover slip (Fig 6.10 G,H). This enabled the 
view  of  the  proximal  end  of  the  germ  tubes  (Fig  6.10  H)  which  was  otherwise  only 
occasionally visible (Fig 6.13 F) and also led to the observation that up to four germ tubes are 
initiated but usually only one developed into a colony (Figs 6.10 H; 6.13 A-C). Oospores 
could be identified as P. cinnamomi with the FISH method at a developmental stage where 
the amphigynous antheridia and connected hyphae were still in active growth so that the 
probe binding to the nuclei was very obvious (Fig 6.10 K,L). A single oospore colony was 
obtained by subculturing the proximal end of a first order side branch (Fig 6.10 I). The ITS 
region was sequenced and a similarity search against the GenBank database using the Basic 
Local Sequence Alignment Tool for nucleotides (Blast n) confirmed the identity of the isolate 
as P. cinnamomi. The sequence of the isolate was lodged in GenBank (GenBank Accession 
number: JX113312) and the isolate was placed in long term storage at Murdoch University 
(MUCC 792). This single oospore isolate represents the first oospore isolate obtained in vivo 
from the natural environment. Additionally, for the first time to my knowledge, the ontogeny 
of selfed oospores within naturally infected plant material was documented (Fig 6.12). 
P. cinnamomi could be recovered from dead root material of C. corymbosa in spring 2011, 
whose deterioration suggested these died the previous year and contained over summering 
survival propagules. The typical P. cinnamomi hyphae could be traced back to thick-walled 
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was  typically  observed  for oospores  and showed two distinct walls  equating to  the inner 
oospore wall and outer oogonial wall (Fig 6.10  M). The same material  contained clearly 
identifiable non-germinated oospores (data not presented).  
Figure 6.10 Oospores of Phytophthora cinnamomi. A: Oospores in dense clusters inside tuberous roots of 
Chamaescilla corymbosa (26
th July 2011). B: Detail of oospores in (A); C: Mature plerotic oospore in oogonium 
(arrow: amphigynous antheridium) in C. corymbosa (9
th August 2011); D and E: Germinated oospore in situ in 
C. corymbosa, (D) and after dissection from the tissue, (E) with hypha showing the four points where plant  cell 
walls have been penetrated; F: Colony-forming oospore dissected from host tissue and floated in water (C. 
corymbosa, 27
th September 2011); G and H: An isolated germinated oospore in two rotations to show the 
proximal end of the germ tube in (H) (C. corymbosa, 6
th September 2011); I and J: Germinating oospore, from 
which the hyphal branch (black arrow) was used to prepare a single oospore colony; K and L: Application of 
FISH to a developing amphigynous oospore (K) under bright view and (L) under UV light. Note in (L) the 
fluorescent probe binding to the P. cinnamomi nuclei within the young antheridium (fluorescence of the oospore 
wall obscures nuclei within this cell); M: Oospore that has over summered and germinated the following spring 
in dead root material of C. corymbosa  (4
th October 2011). Aborted germ tube (narrow white arrow), oogonial 
wall (thick white arrow), colony-forming germ tube (black arrow); N:  Paragynous (arrow) antheridium (rare). 
Scale bars: A=200µm; B=40µm; F, I=100µm; C, M-N=20µm; D-E, G-H=50µm; K-L=25µm.          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Figure 6.11 Dense oospore clusters of Phytophthora cinnamomi in naturally infected annual and herbaceous 
perennial plant species collected at different times. A: Within Trachymene pilosa (4
th October 2011); B-E: 
Chamaescilla corymbosa – B: 23
rd August; C: 13
th September; D-E: 4
th October 2011. Note in (D) oospore 
clusters within stromata (E enlargement of D, arrows point to same area). Scale bars: A-D=200µm; E=40µm.   
 
 
Figure 6.12 Oospore development of Phytophthora cinnamomi observed in Chamaescilla corymbosa (9
th 
August 2011). A: Early ontogenesis, where oogonium grows through the antheridium (amphigynous). Short 
arrow marks the distal end of the oogonium just growing out of antheridium; slim white arrow points at the 
hyphae from which the oogonium originates and black arrow the hyphae providing the antheridium; B-F: 
Increase of oogonium size; G-H: Differentiation of oospore; I: Fully matured plerotic oospore; J: Rare aplerotic 
oospore. Scale bar: (for A-J)=20µm.           CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Figure 6.13 Aspects of oospore germination in Phytophthora cinnamomi isolated from 
naturally infected plants. A-C: An oospore with four germ tubes (numbered), one proliferating 
(1) and three abortive (2-4) observed under rotation enabling the view of the origins of the 
proximal ends of the germ tubes. A: Origin of germ tube 3; B: germ tube 1 and 2 and (C) 
germ tube 4 (previously hidden). Note that depending on angle the germ tubes may 
incorrectly appear to emerge from the oogonial wall; D-E: Dissected germinated oospore 
from Chamaescilla corymbosa (27
th September 2011) as shown in Fig 6.10 F placed in Aloe 
vera gel on agar (D) and four days after transfer (E) where the distal end continued to grow 
(arrows). * as a reference point; F: Elongated germinating oospore with germ tube rupturing 
oospore wall. Scale bars: A-C, F=20µm; D-E=40µm.          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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6.3.1.5 Thick-walled hyphal fragments 
Putative thick-walled hyphal fragments of P. cinnamomi were separated from root tissue of C. 
corymbosa and observed to germinate with hyphae typical of P. cinnamomi (Fig 6.14). 
 
Figure 6.14 Initiation of new hyphal growth from putative thick-walled hyphal fragments 
(arrows) of P. cinnamomi from naturally infected roots of Chamaescilla corymbosa (4
th 
October 2011). The thicker arrow in (A) points at an inactive fragment; the two arrows in (C) 
mark new hyphal growth. Bars: A-C=40µm. 
 
6.3.1.6 Haustoria  
Round, oval or lobed putative haustoria were observed in naturally infected root material of S. 
diuroides (Fig 6.15 A), and C. corymbosa (Fig 6.15 B), and shown to be actual haustoria in T. 
pilosa  (Fig  6.15  C-E)  particularly  at  an  early  stage  of  infection.  Transmission  electron 
microscopy of the interface between the host cell and P. cinnamomi allowed visualisation of 
the ultrastructure. Most of the typical features of haustoria reported in earlier studies of P. 
cinnamomi and other oomycetes were present and included characteristics such as cessation 
of growth (in contrast to penetrating hyphae increasing in size), aging of the structures as 
evident by an increase of vacuole size, and the presence of an extrahaustorial matrix between 
the hyphal wall and plant plasma membrane (extrahaustorial membrane).          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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Figure 6.15 Haustoria of Phytophthora cinnamomi. A: Hyphae with several haustoria (arrows 
show examples) in roots of Stylidium diuroides (9
th August 2011); B: Haustoria (arrows) in 
roots of Chamaescilla corymbosa (9
th August 2011); C–E: Transmission electron microscopic 
pictures of haustoria within roots of asymptomatic Trachymene pilosa (19
th July 2011); D: At 
a higher magnification than same object in (C); E: An older haustorium, with a large vacuole.  
ehm, extrahaustorial matrix; exm, extrahaustorial membrane; hn, haustorial neck; hw, hyphal 
wall; ih, intercellular hyphae of P. cinnamomi; pcw, plant cell wall; ppm, plant plasma 
membrane (becomes extrahaustorial membrane in region of the haustorium); v, vacuole. Scale 
bars: A= 40µm; B=20µm; C=2µm; D-E=500nm.  
 
6.3.2 Mating type  
All eight isolates produced oospores when paired with the known P. cinnamomi A1 tester 
strain MUCC 794 in both replicates after two weeks. The positive control, A1 tester strain 
paired  with  the  P.  cinnamomi  A2  tester  strain  MUCC  795  also  produced  oospores.  No 
oospores were observed when the isolates were paired with the P. cinnamomi A2 tester strain, 
neither did the negative control combinations of the tester strains (A1 with A1; A2 with A2) 
produce oospores. Therefore, all tested isolates were of the P. cinnamomi A2 mating type. 
Also  of  interest,  after  six  weeks,  between  one  to  10  selfed  oospores  were  detected 
predominantly in close proximity to the cut edges of the agar blocks of the incompatible 
combination, but  never in  the zone between the agar blocks.   In addition,  rare events  of          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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selfing in three isolates were observed within the lesion area of the apple tissue when the 
isolates were passaged (data not presented).  
 
6.4 Discussion 
This  study  shows  for  the  first  time  that  P.  cinnamomi  forms  abundant  selfed  oospores, 
stromata and thick-walled chlamydospores in naturally infected plant material of the Western 
Australian native herbaceous perennials C. corymbosa, S. diuroides and the native annual T. 
pilosa. Lignituber formation was  also  observed. The selfed oospores,  stromata and  thick-
walled chlamydospores proved to be viable as they could germinate and form colonies. The 
identity of the pathogen was confirmed by binding of the P. cinnamomi specific fluorescent in 
situ hybridisation probe to the nuclei of the hyphae, chlamydospores, oospores and stromata. 
Additionally,  sequencing  of  the  ITS  region  of  the  single  oospore  and  thick-walled 
chlamydospore  isolates  further  confirmed  that  these  were  P.  cinnamomi.  No  other 
Phytophthora species was isolated from the root material during the sampling time but spores 
of competing organisms other than Phytophthora species were present on several occasions, 
such as smaller sized oospores or ornamented oospores of Pythium species. In areas in which 
P. cinnamomi produced dense oospore clusters (as in root material of C. corymbosa), spores 
of other organisms were rare. It was concluded that due to the absence of the P. cinnamomi 
A1 mating type or other mating compatible Phytophthora species, the oospores were formed 
by selfing and mating tests confirmed that all isolates were A2. This demonstrates that in the 
natural  environment  P.  cinnamomi  is  facultatively  homothallic  under  certain  conditions. 
Additionally,  inoculation  experiments  under  controlled  conditions  produced  thick-walled 
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annual and herbaceous perennial plant species (Chapter 3) and provided therefore additional 
proof of identity.  
The  observation  that  P.  cinnamomi  proliferates  in  asymptomatic  annual  and  herbaceous 
perennial  plant  species,  clearly  indicates  that  it  has  life  strategies  other  than  solely 
necrotrophic  in  some  species  (Serrano  et  al.  2012).  This  has  important  implications  with 
regards to its ability to survive long term in the absence of susceptible host species in which it 
typically grows as a necrotroph. It has been noted that the pathogen grows as a hemibiotroph 
under certain circumstances with an initial biotrophic and a later necrotrophic stage (Cahill et 
al. 2008) or found to switch between the modes (Shearer et al. 2012), but species such as T. 
pilosa remained asymptomatic until natural senescence. Clearly, P. cinnamomi is able to grow 
as  a  biotroph  in  these  asymptomatic  species.  In  support,  Serrano  et  al.  (2012)  recently 
described asymptomatic infections of the annual Vicia sativa by P. cinnamomi from another 
Mediterreanean ecosystem. Although the formation of haustoria per se is not a definitive trait 
of biotrophs, as non haustorial biotrophs do exist (Spencer-Phillips 1997), globose structures 
consistent with haustoria of other plant pathogen systems were observed for P. cinnamomi in 
the  present  study.  In  contrast  to  hyphae  penetrating  through  host  cell  walls,  haustoria  as 
specialised structures do not elongate further but expand and increase the size of their vacuole 
with age as recorded from haustoria in other species such as from the classical oomycete 
biotroph  Hyaloperonospora  parasitica  (Mims  et  al.  2004).  The  presence  of  the 
extrahaustorial matrix (Coffey and Wilson 1983; Wetherbee et al. 1985; Enkerli et al. 1997; 
Mims et al. 2004) was also indicative that the observed structures are haustoria. Similar to 
other studies, not all haustorial structures were clearly differentiated in every region (Bushnell 
1972). The formation of haustoria is evidence that P. cinnamomi is capable of biotrophic 
growth, however we cannot yet discount that in some native annual and herbaceous perennial 
plant species P. cinnamomi lives as an endophyte. Endophytes are microorganisms that grow          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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within the plant tissue without causing any deleterious effects to the plant, and in many cases 
may even provide beneficial effects to the plant. However under certain conditions some 
endophytes become pathogens (Schulz & Boyle 2005).  
In a broader context the plastic behaviour of P. cinnamomi is in line with reports on other 
pathogens which are able to utilise biotrophic growth including other Phytophthora species 
such as P. ramorum and P. kernoviae which are capable of asymptomatic infections (Fichtner 
et al. 2012).  
The production in abundance of selfed oospores, stromata and thick-walled chlamydospores 
in native annual and herbaceous perennials in nature helps explain the long term survival of P. 
cinnamomi in harsh natural environments even in the absence of deeper rooting, hence more 
buffered, susceptible woody plant species. Even though no root material with oospores, thick-
walled chlamydospores and stromata of P. cinnamomi could be found after summer 2011/12 
to test and confirm their survival capacity, on one occasion these were observed in dead root 
material whose propagules must have persisted over summer from the  previous year.  
Stromata were observed for the first time in P. cinnamomi and confirmed that in addition to 
experimentally induced stromata (Chapter 3 and 4) these are also formed within naturally 
infected  annual  and  herbaceous  perennial  plant  species.  Stromata  formation  by  a 
Phytophthora species was observed for the first time for P. ramorum under experimental 
conditions. Within inoculated leaves, formation started after 5 days and was described as 
small hyphal aggregates formed by repeated branching, budding, swelling and interweaving 
(Moralejo et al. 2006) which lead to a textura intricata with only occasional hyphal swellings. 
They  were  regarded  as  a  higher  degree  of  interhyphal  coordination  compared  to  colony 
formation, and discussed that a strong host-pathogen interaction is involved as a trigger and as 
a potential structure to survive over summer (Moralejo et al. 2006). Further, the authors noted          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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that the stromata usually darkened, assumingly by host phenols or pigments and that these 
stromata produced sporangia or dense clusters of chlamydospores (Moralejo et al. 2006). 
In the case of P. cinnamomi, the stromata produced clusters of oospores and chlamydospores 
but  as  yet  sporangia  have  not  been  observed.  One  darkened  stroma  whose  hyphae  were 
typical of P. cinnamomi was detected from dead host material from where P. cinnamomi was 
recovered, which is very indicative of their role as direct survival propagules (Fig 6.3 C). 
Repeated observations are desirable in future to confirm the observation, but detection in 
degraded host material is difficult as these thin roots are subject to rapid breakdown. The 
contribution of stromata to the long term survival of P. cinnamomi is definite based on the 
observation that stromata occurred commonly, together with oospore clusters within the same 
area (Fig 6.11 D,E) and from the observation that selfed oospores and chlamydospores (thin 
and thick-walled) were formed by stromata. 
Due to their rare occurrence, no conclusions could be reached about the role of lignitubers in 
the survival of P. cinnamomi in the jarrah forest. Their formation should be also assessed in 
woody plant species, where they have been observed in larger numbers (T. Jung 2010 pers. 
comm.). These structures were first described as lignitubers by Fellows (1928) and shown to 
originate from the plant and are a response to any pathogen attack.  As these encapsulate short 
hyphal strands, they might preserve hyphae during summer. Germination would most likely 
occur from the proximal end with the least plant cell deposits around the hyphae.  
Future studies on isolation and germination of oospores and chlamydospores should consider 
the use of A. vera gel as it appeared to have several advantages for P. cinnamomi and may 
have wider application for other oomycetes and true fungi.    
This  study  has  shown  for  the  first  time  the  importance  of  selfed  oospores,  thick-walled 
chlamydospores  and  stromata  produced  by  P.  cinnamomi  in  asymptomatic  annual  and 
herbaceous  perennial  species  for  the  long  term  survival.    It  has  also  increased  our          CHAPTER 6: SURVIVAL OF P. CINNAMOMI AS STROMATA, OOSPORES AND THICK-WALLED CHLAMYDOSPORES 
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understanding of a biotrophic and/or endophytic lifestyle in these plant species not previously 
recognised as hosts of this pathogen. The findings suggest  future research on whether  P. 
cinnamomi grows and survives in these groups of plants similarly in horticulture and other 
impacted  Mediterranean  biomes  or  other  conducive  ecosystems  where  it  is  present.  The 
frequency of the biotrophic/endophytic mode of growth in plant species in its suggested areas 
of origin where ‗pathogen‘ and host are in relative equilibrium, compared to regions in which 
it has been recently introduced would also be of interest. Further, the findings might apply to 
other  hemibiotrophic  or  necrotrophic  oomycetes,  which  could  potentially  grow 
asymptomatically  as  biotrophs  in  certain  hosts.  Finally,  due  to  the  difficulty  of  studying 
microscopically the larger suberised roots of woody perennial species, it is possible that the 
selfed oospores and thick-walled chlamydospores are also produced in these species but have 
been overlooked. It is postulated that the necrotrophic mode of growth cannot provide enough 
nutrients to produce the dense clusters of oospores and large numbers of chlamydospores 
observed  in  the  asymptomatic  plants.    The  biotrophic  mode  of  growth  with  nutrient 
acquisition aided through haustoria, followed by the formation of dense masses of hyphae in 
stromata  may  be  a  prerequisite  to  the  formation  of  the  high  numbers  of  oospores  and 
chlamydospores.  From  a  disease  management  perspective,  infected  small  root  systems  of 
annual  and  herbaceous  perennial  plant  species  in  the  surface  soil  provide  a  source  of 
propagules easily spread by wind and water movement of soil, and by animal foraging.                                                                                             CHAPTER 7: GENERAL DISCUSSION 
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CHAPTER 7 
 
General discussion 
 
7.1 Major findings 
This study has made a major contribution to our understanding of the biology of 
Phytophthora cinnamomi. These include: 
1.  Annual  and herbaceous perennial  plant species are hosts  of  P.  cinnamomi. Whilst 
susceptible  woody  species  have  died  on  infested  black  gravel  sites,  annuals  and 
herbaceous  perennials  continue  to  be  present,  sometimes  in  abundance,  and  the 
pathogen has been shown to utilise these species to persist. 
 
2.  In most of the studied annual and herbaceous species P. cinnamomi does not cause 
root lesions  or death  of the plants  despite extensive colonisation as  P. cinnamomi 
grows  as  a  biotroph  in  these  species.  The  observation  of  haustoria  supports  this 
suggestion. 
 
3.  In annual and herbaceous perennial species the pathogen produces stromata, selfed 
oospores  and  thick-walled  chlamydospores  which  function  as  survival  structures, 
which contribute to the persistence of  P. cinnamomi in the absence of susceptible 
hosts. 
 
4.  The eradication of vegetation from black gravel sites by herbicides is an effective way 
of  eliminating  P.  cinnamomi.  Soil  fumigation  is  not  necessary,  but  annual  and 
herbaceous perennial plant species must be removed as well as woody species, and the 
area must be kept free of plants for at least 2.5 years until all the pathogen‘s survival 
propagules have germinated and died in the absence of living hosts.                                                                                            CHAPTER 7: GENERAL DISCUSSION 
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7.2 Australian native annual and herbaceous perennial plant species as 
symptomatic and asymptomatic hosts of Phytophthora cinnamomi 
On  impacted  dieback  sites  many  annual  and  herbaceous  perennial  species  increase  in 
abundance.  Phytophthora  cinnamomi  was  isolated  from  15  (79%)  of  the  annual  and 
herbaceous species sampled from the black gravel sites. It is likely that further research will 
identify more annual and herbaceous perennial species as hosts of P. cinnamomi. While some 
individuals of Stylidium diuroides, Levenhookia pusilla, Drosera bulbosa and Paracaleana 
nigrita  died  before  reaching  the  flowering  stage,  the  majority  of  annuals  and  herbaceous 
perennials remained asymptomatic and set seed. These species therefore provide a source of 
inoculum during the growing season.  The annual  germination of new host plants ensures 
continuity in the disease cycle on long impacted and infested black gravel sites (Fig 7.1 A).  
7.3 Mode of growth of Phytophthora cinnamomi in annual and herbaceous 
perennial plant species 
The  observation  that  Phytophthora  cinnamomi  proliferates  in  asymptomatic  annual  and 
herbaceous perennial plant species, clearly indicates that it has modes of growth other than 
solely necrotrophic (Fig 7.1 A). This has important implications with regards to its ability to 
survive long-term in the absence of susceptible host species in which it typically grows as a 
necrotroph. It has been reported previously that the pathogen can be a hemibiotroph under 
certain circumstances with an initial biotrophic and a later necrotrophic stage (Cahill et al. 
2008). Shearer and Crane (2012) have recently challenged the common understanding of P. 
cinnamomi as a necrotroph in susceptible woody species and argue that switching between 
biotrophy  and  necrotrophy  occurs  in  accordance  to  environmental  conditions  and  is  not 
necessarily  phasic  with  an  initial  biotrophic  stage  and  a  later  necrotrophic  stage.  These 
authors concluded that the term hemibiotroph is inadequate to classify the trophic mode of P. 
cinnamomi and the results of the present study confirm that the pathogen has greater plasticity                                                                                            CHAPTER 7: GENERAL DISCUSSION 
 
124 
 
than  previously  known  (Chapter  6).  More  studies  are  required  to  determine  whether  P. 
cinnamomi grows asymptomatically as a biotroph or as an endophyte in ‗tolerant‘ woody 
species. It would be interesting to study the ultra-structure of the pathogen and host cells in 
susceptible woody plants in the infected region above the lesions. 
The results of this study on annuals and herbaceous perennials have shown that in species 
such as Trachymene pilosa, which remains asymptomatic in the natural environment until 
senescence, P. cinnamomi is able to grow as an biotroph or endophyte. Both terminologies are 
etymologically independent and either describe the mode of nutrient acquisition or assess the 
balance between host and organism within (see also Chapter 1). Therefore, an organism could 
be also described as a ‗biotrophic endophyte‘. The observations of P. cinnamomi in annual 
and  herbaceous  perennial  plant  species  are  indeed  demonstrating  a  long  phase  of  non-
pathogenic balance typical of an endophytic relationship and these match recent findings that 
some pathogenic Phytophthora species are able to remain in asymptomatic hosts (e.g. Serrano 
et al. 2012; Shishkoff 2012; Chapter 3, 3.1). It is likely that the targeted screening of plant 
species previously considered not to be hosts will reveal more oomycete pathogens that are 
also able to grow as biotrophic endophytes. Ploch and Thines (2011) have demonstrated that 
four Brassicaceae species from different genera are asymptomatic hosts of Albugo candida 
and  reason  that  with  the  use  of  nested  PCR  with  species-specific  primers  detection  of 
endophytic oomycetes will increase, especially those who cannot be grown in vitro.   
It is reasonable to suggest that P. cinnamomi will be found as a biotroph more frequently in its 
centre of origin, compared to necrotrophic growth in most regions where it has been recently 
introduced.  However,  until  the  centre  of  origin  is  determined  this  postulate  will  remain 
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In this study some host species did not develop symptoms and remained asymptomatic until 
senescence,  whilst  others  developed  symptoms  typical  of  necrotrophic  infection.  Similar 
observations  have  been  reported  for  fungal  pathogens.  For  example,  investigations  with 
several Colletotrichum species demonstrated that colonisation could range from pathogenic to 
non-pathogenic-endophytic depending on which host was used (Redman et al. 2001). From 
this the authors concluded that the fungal lifestyle depended on the plant but also that abiotic 
factors also influenced the host-pathogen interactions.  
The ability of P. cinnamomi to proliferate asymptomatically has important implications. In the 
necrotrophic mode, host cells are quickly killed, so available nutrients for the pathogen from 
these cells are restricted to the cells colonised during invasion. In contrast, as a biotroph P. 
cinnamomi is able to continuously gain nutrients through haustoria from living host cells. It is 
postulated that only this biotrophic or endophytic mode can supply enough nutrients for the 
formation  of  stromata.  In  support  of  this,  stromata  have  to  date  not  been  reported  in 
symptomatic  woody  hosts.  Similar  to  the  analogous  stromata  found  in  true  fungi,  these 
formations by P. cinnamomi are likely to be efficient structures for nutrient storage. It is 
further postulated that the dense oospore clusters observed are only able to form due to the 
energy reserves provided by the stromata. To test the above, experimental manipulation of the 
supply of nutrients to the pathogen during its biotrophic growth could involve extending the 
phase of plant vegetative growth before flowering by altering day length, or shortening the 
period  through  early  drought.  This  could  provide  further  insights  into  the  relationships 
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7.4 Survival propagules of Phytophthora cinnamomi in annuals and 
herbaceous perennials 
Susceptible  woody  species  on  black  gravel  sites  are  highly  vulnerable  to  Phytophthora 
cinnamomi infection and do not naturally recolonise infected areas or allow rehabilitation 
(Department of Environment and Conservation 2012). It is also known that P. cinnamomi 
does not persist in the long term within killed hosts, and in the case of Banksia grandis in the 
jarrah forest this period does not exceed 34 months after death (Collins et al. 2012).  While an 
annual reintroduction of the pathogen into the black gravel sites by water flow or animal 
vectoring  was  not  excluded  as  a  possibility,  such  introduction  would  result  in  a  more 
randomised recovery over the area. There were in contrast, multiple recoveries from the same 
locations  of  the  plots,  showing  that  in  situ  survival  occurred.  Annual  and  herbaceous 
perennial  plant  species  were  observed  to  be  asymptomatic  and  set  seed  despite  being 
extensively colonised. As propagules such as (selfed) oospores, thick-walled chlamydospores 
and stromata were consistently found in large numbers within several of these species, their 
role in the survival of the pathogen on such sites was significant and will likely occur in other 
environments where the pathogen has been introduced (Fig 7.1 B). 
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Figure 7.1 Conceptual model of the life cycle of Phytophthora cinnamomi. A: New finding that the pathogen 
grows as a (endophytic) biotroph in annuals and herbaceous perennials. In some new hosts a switch after a long 
phase of biotrophic growth to necrotrophy (hemibiotrophic) occurs. Examples of necrotrophic pathogen growth 
in some annual/ herbaceous perennial hosts are comparable with P. cinnamomi in susceptible woody plants. B: 
Details of propagules formed in annuals and herbaceous perennials in relation to season. The filled boxes in (A) 
and arrow between (A) and (B) marks the pathway leading to the formation of stromata.                                                                                            CHAPTER 7: GENERAL DISCUSSION 
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7.4.1 Stromata 
Stromata were frequently observed and considered to be survival structures. Even though 
many  stromata  germinated  in  the  root  soon  after  formation,  it  is  likely  that  a  certain 
percentage will become dormant, remain in the dead root tissue over summer and germinate 
once conditions become again conducive in autumn. It is also possible that within a single 
stroma only some of the septate segments may germinate, leaving other parts of the stroma 
still viable. Direct survival of stromata over summer has been shown with the detection of a 
germinating stroma within a P. cinnamomi positive dead tuber of Chamaescilla corymbosa 
harvested in October 2011, which was most likely infected during winter 2010, so it had 
survived the summer and germinated in spring 2011. Stromata also contribute to survival 
through their ability to  produce thick-walled  chlamydospores and selfed oospores quickly 
after  germination.  Presence  of  stromata  was  associated  with  the  biotrophic  growth  of  P. 
cinnamomi in annuals and herbaceous perennials (Figs 7.1; 7.2). This growth enables a longer 
period where nutrients of host cells are gained to form stromata, which is likely not possible 
in the necrotrophic mode.   
 
Figure 7.2 Biotrophic growth of Phytophthora cinnamomi by formation of haustoria followed by the formation 
of stromata which in turn form selfed oospores. A: Hypha enters the host by a penetration peg (bottom left), 
followed by intercellular proliferation, where haustoria (small dark grey circles) constantly gain nutrients 
without host cell damage. Four host cells shown to be penetrated by hyphae, in which stromata (grey) have 
begun to develop, whilst a hypha exits a cell by a penetration peg (bottom right cell). B: Completion of stromata, 
composed of a septate hyphal mass and include thin and thick-walled chlamydospores (black circles), some of 
which germinate. C: Mass production of selfed oospores (double-walled blue circles) produced from nutrient 
rich stromata.  Some of these oospores germinate immediately after formation in winter, whilst the remaining 
oospores become dormant.                                                                                             CHAPTER 7: GENERAL DISCUSSION 
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7.4.2 Oospores 
Oospores  are  generally  considered  to  be  long-term  survival  structures  due  to  their  wall-
thickness and composition (Erwin and Ribeiro 1996). In the present study, oospores formed in 
dense clusters and some germinated immediately after being formed in winter. This confirms 
the view of Boccas (1970) and contrasts to Blackwell‘s opinion that oospores need a one to 
two month rest period before being able to germinate (Ribeiro 1978). It is possible that the 
remaining oospores  did  become dormant  as  P.  cinnamomi  was  recovered from  dead  root 
material of C. corymbosa during spring 2011. Further intensive sampling of root material over 
summer  is  required  to  quantify  the  proportion  of  oospores  that  are  able  to  survive  over 
summer. Oospores might also be collected from the naturally infected hosts and experimental 
conditions imposed to determine their ability to survive certain abiotic conditions such as 
temperature extremes.   
Hemmes and Wong (1975) suggest sufficient endogenous energy resources in oospores are 
available for vigorous growth after germination due to a high ratio of reserve material to 
functional cytoplasm. However, in the present study, many germinated oospores stagnated in 
growth  when  germ  tubes  reached  three  times  the  oospore  diameter  at  the  stage  when 
transferred to the NARH medium. This indicates that once oospores germinate, they are either 
sensitive to disturbance during transfer and/or they might depend on plant products (yet to be 
determined) which are not present in the NARH medium. Alternatively, some component(s) 
of the NARH medium may have negative effects on the proliferation of oospores. Some plant 
extracts,  such  as  avocado  root  extract  containing  oleic  acid  are  conducive  to  oospore 
formation  (Zentmyer  et  al.  1979)  and  may  very  well  be  important  for  germination  and 
continuous  growth.  This  is  in  line  with  the  observations  that  oospores  exposed  to  the 
mucilaginous  gel  of  Aloe  vera  (‗Aloe  vera  gel‘)  germinated  and  proliferated  into  viable 
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product known to stimulate oospore production in ―difficult-to-mate isolates‖ (Ribeiro 1978). 
It was demonstrated that germinated oospores in situ proliferated in the root tissues, and that 
many isolated oospores grew vigorously when plated. However it was difficult to obtain a 
hyphal tip uncontaminated by other hyphae or bacteria to be sure the subsequent culture was 
from a single oospore. During the process of obtaining a single oospore isolate, 38 of such 
proliferating putative oospores of P. cinnamomi were photographically documented. Further 
isolations were stopped once the single oospore isolate from naturally infected root material 
was attained. This representative single oospore isolate was shown to be as pathogenic as the 
other nine isolates from the black gravel site, as well as two from the Murdoch University P. 
cinnamomi collection. These observations suggest, that oospores are a source of inoculum in 
nature and contrast with reports of low oospore germination rates, and their inability to form 
colonies, or with the lower vigour of P. cinnamomi oospore isolates (Linde et al. 2001). This 
might be either due to previous assessments being based on oospores produced by mating 
under laboratory conditions or due to the lack of a suitable growth medium.  
Also  in  nature  under  wet  conditions,  hyphae  from  oospores  might  produce  sporangia  to 
continue the life cycle in the form of dispersed zoospores. This has been demonstrated to 
dominate for oospores of P. megasperma f. sp. medicaginis under high soil matric potential 
(Kuan and Erwin 1982).      
More work is needed to increase our knowledge of the characteristics of naturally formed 
oospores  such  as  establishment  of dormancy, requirements  of  germination, conditions  for 
germination and continued growth, and survival capacity. This could be achieved using native 
annual and herbaceous  perennial plant species such as  Chamaescilla corymbosa in which 
large  numbers  of  oospores  are  produced  from  a  natural  environment.  Additionally,  once 
factors for production of selfed oospores in planta are determined, annuals and herbaceous 
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compare with germination rate and vigour with selfed oospores collected from the natural 
environment, it would offer some logistical advantages.   
As oospores, chlamydospores and stromata survived the hot and dry summer conditions, it is 
likely that they became dormant; therefore, the mechanism(s) of dormancy and dormancy 
breakage would be of interest in future studies. Dormancy is determined both by the biotic 
and  abiotic  environment  and  by  the  organism  (Griffin  1972).  Hemmes  and  Stasz  (1984) 
conducted ultra structural studies on oospores of Pythium ultimum and suggested that the 
thick inner oospore wall contains lipids and might be involved in the hydrophobic character of 
the  thin  outer  oospore  wall,  both  maintaining  the  dormancy.  The  authors  conclude  that 
enzymatic digestion of the glycolipid layer of the outer oospore wall may be the key for 
dormancy breakage and explains that enzyme preparations aid oospore germination.  
There has been little research on dormancy breakage of P. cinnamomi or even for oomycetes 
in general. P. cinnamomi was recovered after rare major summer rainfall events previously 
(Chapter 1) and during the summer samplings in mid-February of 2010/2011 (December to 
sampling time: 70.8mm) and 2011/2012 (120.2mm), but not during summer 2009/10 with 
only 5.1mm of rain during the 2.5 months period before the sampling. This indicates, together 
with the finding that double baiting increases recoveries, that repeated wet-dry cycles and 
hence fluctuations in soil moisture are important in the breakage of dormancy. Further work is 
needed to determine the exact abiotic and biotic factors involved in the breaking of dormancy 
and  now  for  the  first  time,  a  natural  source  of  propagules  in  large  numbers  (e.g.  in  C. 
corymbosa and Trachymene pilosa) is available for such a study. A better understanding of 
these processes could greatly enhance the ability to induce germination when baiting soil 
samples to be able to detect all viable propagules.  The knowledge would also help determine 
conditions under which infected soil or gravel stock piles could be best stored, in the absence 
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7.4.3 Thick-walled chlamydospores 
Thick-walled chlamydospores were observed within roots of the studied species. These were 
formed by mycelium or stromata and were mainly distinguished from oospores by their single 
wall. Germinated chlamydospores were less sensitive to disturbance or type of medium and 
continued  to  grow  readily.  Some  evidence  was  obtained  for  survival  of  thick-walled 
chlamydospores  over  summer  and  germination  the  following  year,  but  quantification  of 
survival is needed in future studies. 
7.4.4 Thick-walled hyphae 
Thick-walled hyphae were observed in the experiments and in naturally infected material. As 
P.  cinnamomi  can  form  septae  with  age,  these  hyphae  could  potentially  survive  during 
unconducive conditions, but this could not be shown by the current studies. Nonetheless, 
germination of putative P. cinnamomi thick-walled hyphal fragments was observed during 
winter 2011 from root material of Chamaescilla corymbosa, indicative of their contribution in 
annual and herbaceous perennial plant species. It is also possible that these will be found at 
greater depths in roots of woody hosts where conditions are more buffered.     
7.4.5 Lignitubers 
Lignitubers, which enclose and potentially protect hyphae of P. cinnamomi could contribute 
to its survival, but they were rarely observed in the field material. More lignitubers were seen 
in the inoculation experiments, suggesting that the conditions under which they are formed 
must be relatively specific. This is in contrast to the understanding that these formations are 
readily formed as an unspecific plant response to any cell wall injury as outlined by Griffiths 
and Lim (1964). Further work on lignitubers is required to confirm that P. cinnamomi (and 
not some other pathogen) is present, survives and is able to grow out from these structures. It 
would be informative to determine why they were rarer in nature compared to the inoculated 
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7.5 Conceptual models 
Combining  the  macroscopic  with  the  microscopic  observations,  a  conceptual  model  of 
pathogen activity was developed for the two herbaceous perennials, Stylidium diuroides and 
Chamaescilla corymbosa and for the annual Trachymene pilosa. 
7.5.1 Stylidium diuroides 
S. diuroides has short internodes resulting in an extremely compressed axis and stilt roots 
capable of elevating the shoot several centimetres above ground. As the plant ages, axillary 
buds sprout from the main axis. These are also very compressed and also send stilt roots 
towards the ground at the beginning of winter (Fig 7.3 C). With age, these begin to suberise 
(Fig 7.3 D). Populations of S. diuroides in a disease prone area had more than three times the 
number of infected individuals than seen in the annual T. pilosa.  
It was evident from the plating of young non-suberised stilt roots of S. diuroides, that P. 
cinnamomi is capable of infecting their entire length without causing necrosis. Also, it was 
observed that compressed stems were infected with P. cinnamomi. Therefore, it is postulated 
that from an initial infection by zoospores, P. cinnamomi is able to rapidly spread throughout 
the entire root and into the main stem or side branches. Whilst roots do not develop root 
lesions, proliferation into all parts of the stem system caused wilting of the whole plant or part 
of the plant if only side branches are infected (Fig 7.3 B). Consequently, it is possible that stilt 
roots might get infected from infected parts of the stem (Fig 7.4 B) or from splash of infected 
water (Fig 7.4 A). S. diuroides is therefore a susceptible species.  
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Figure 7.3 Morphology of Stylidium diuroides and proliferation of Phytophthora cinnamomi 
(A, B: 20
th September; C: 26
th July; D: 10
th November 2011). A,B: Overview of a S. diuroides 
population with some wilting due to infection by P. cinnamomi. Arrow: one dead side branch, 
whilst the other remains healthy with (B) an enlargement of it. C: New stilt roots (small 
arrow) from  the compressed stem  of the side branch  growing to  the ground in  winter to 
supplement those formed in the previous year. D: Morphology of S. diuroides. Main stem (s) 
and their old suberised roots (sr), side branches (sb) with their stilt roots (str). One side branch 
has been removed (*). Dotted line indicates the potential movement of P. cinnamomi through 
a new stilt root.  
 
                                                                                            CHAPTER 7: GENERAL DISCUSSION 
 
135 
 
 
Figure 7.4 Conceptual model of Stylidium diuroides infection and colonisation by Phytophthora cinnamomi in 
natural environments. A to D symbolises one individual over time. Red arrows indicate the movement of P. 
cinnamomi  as  zoospores  or  hyphae;  red  colour  indicates  locality  of  pathogen,  dotted  black  lines  represent 
uninfected  current  seasons  production  of  fleshy  stilt  roots  derived  from  peripheral  parts  of  the  compressed 
system of the axis, the red and dash-dot lines for infected ones. Selfed oospores are represented by small circles; 
thick-walled chlamydospores by larger circles. A: Early winter - start of disease cycle from external source (e.g. 
zoospores or root-root contact). B: Winter - continuation of pathogen spread and extension to parts of the stem. 
Formation of selfed oospores, thick-walled chlamydospores and stromata (not symbolised), some germinating. 
C: Winter and spring - continuation of pathogen spread from internal and external sources. D: Winter and spring 
- wilting and death of plant, with some inoculum becoming dormant and available for infection of new hosts the 
following autumn, spring or subsequent conducive seasons.  
 
In some cases,  infected plants  with symptomless  roots wilted in  mid spring, whilst  other 
infected plants were completely asymptomatic. Both may provide inoculum for the following 
season when conditions are conducive. The infection of the stems, side branches and the part 
of the roots not in contact with the soil might have important implications for the survival of 
P.  cinnamomi.  Being  several  centimetres  above  soil  level,  oospores,  thick-walled 
chlamydospores  and  stromata  of  P.  cinnamomi  would  be  less  exposed  to  competing 
microorganisms, especially saprophytes feeding on dead root tissue, and this might enhance 
their survival. However, more work is required to determine whether these structures are 
formed  in  stems  and  side  branches  and  whether  their  survival  is  increased  under  these 
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7.5.2 Trachymene pilosa 
T. pilosa is an example of an asymptomatic host in which Phytophthora cinnamomi grows 
biotrophically.  This  species  is  very  prone  to  infection,  and  mainly  depends  on  zoospore 
infection or penetrating hyphae (Fig 7.5). It is therefore postulated that the dense population 
of  T.  pilosa  had  a  lower  proportion  of  infected  individuals  than  the  perennial  Stylidium 
diuroides because in the latter, germinating survival propagules within its perennial tissues 
may allow the pathogen‘s life cycle to continue. It is also possible that the faster turn-over of 
generations in the annual provides a higher chance of resistance evolving within the gene 
pool.  
 
Figure 7.5 Conceptual model of Trachymene pilosa infection and colonisation by Phytophthora cinnamomi. A 
to E symbolises the same individuals over time. Red arrows: represent movement of P. cinnamomi as zoospores 
or hyphae; red colour indicates infected roots with lines for intact roots and dash-dotted lines for naturally 
senescencing  roots.  Small  circles  are  selfed  oospores  and  bigger  circles  thick-walled  chlamydospores.  A: 
Autumn - germinating seeds at time of P. cinnamomi activity. B: Winter - infection and proliferation of the 
pathogen in the asymptomatic host and further spread. Formation of stromata (not shown as symbols). C: Winter 
and spring - formation of selfed oospores and thick-walled chlamydospores, some of them germinating and 
forming colonies. Plants reach fruiting stage and disperse seeds in spring. Spores become dormant in spring. D: 
Natural  senescence  of  plants  with  root  fragments  harbouring  dormant  inoculum  which  over-summers.  E: 
Germinating oospores and chlamydospores along with germinating hosts the following autumn (or subsequent 
conducive seasons) resulting in continuation of the disease cycle.   
 
7.5.3 Chamaescilla corymbosa 
The conceptual model of pathogen activity within C. corymbosa (Fig 7.6) has similarities to 
the  model  of  S.  diuroides.  The  tuberous  roots  of  C.  corymbosa  provide  buffering  from 
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able to rapidly spread throughout the root. In contrast to S. diuroides the pathogen does not 
extend into the stem, so other tubers cannot be infected via colonisation through the plant, and 
the plants do not die. As there are no above ground symptoms, this species would fall in the 
classical category ‗field resistant‘ (McDougall 2005) and would therefore be overseen by 
conventional  dieback  interpretation.  However,  from  the  perspective  of  single  tubers  the 
species  is  symptomatic.  The  pathogen  grows  as  a  hemibiotroph  with  a  long  initial 
asymptomatic biotrophic phase (approx. 1 month), before a switch to  necrotrophy  causes 
necrosis  in  the  infected  tubers.  Due  to  the  abundance  of  survival  structures  present, 
germination and sporulation in the next conducive period will facilitate infection of more 
tubers of the same individual or other potential hosts.  
 
Figure  7.6  Conceptual  model  of  Chamaescilla  corymbosa  infection  and  colonisation  by  Phytophthora 
cinnamomi. A to D symbolises one individual over time. Red arrows: represent movement of the pathogen in the 
soil as hyphae or zoospores; red dashed and solid lines indicate growth or presence of pathogen. Small blue 
circles are selfed oospores and bigger circles thick-walled chlamydospores. A: Autumn/early winter – the plant 
is infected from an external source. B: Early winter to early spring - further external sources of infection and 
continued colonisation of the plant. C: Spring to end of summer - after flowering only the tuber system remains. 
The pathogen remains viable in the tubers. D: Next autumn/early winter - plant produces new leaves and tubers. 
Some tubers died due to age regardless of infection status, but dead and previously infected tubers still contain 
viable inoculum of P. cinnamomi which is able to perpetuate the disease cycle. Some of the infected material 
completely disintegrated, so oospores and thick-walled chlamydospores are free in soil.                                                                                            CHAPTER 7: GENERAL DISCUSSION 
 
138 
 
This  study  has  made  major  contributions  to  our  understanding  of  the  life  cycle  of  P. 
cinnamomi in natural conditions, with regards to stromata, and for the first time has been 
confirmed  for the production of selfed oospores, and thick-walled chlamydospores (Fig 7.1) 
previously postulated to be involved in the  survival of P. cinnamomi (e.g. Mircetich and 
Zentymer 1966). The schematic life cycle of P. cinnamomi as it is commonly found in the 
literature (e.g. Hardham 2005) has been modified accordingly (Fig 7.7).   
 
Figure 7.7 General life cycle of Phytophthora cinnamomi. A: Common schematic diagram. B: Extended life 
cycle, integrating the evidence of naturally formed stromata, selfed oospores and thick-walled chlamydospores. 
Blue thin arrows symbolises the asexual cycle, red thick arrows the sexual cycle. 
 
7.6 Removal of vegetation as an effective means of eradicating Phytophthora 
cinnamomi 
Killing all vegetation by foliar application of herbicides combined with tree notching and 
application  of  pre-emergence  herbicides  significantly  reduced  the  recovery  rates  of 
Phytophthora cinnamomi over time, leading to 0% recovery after 28 months (autumn 2012). 
This pathogen decline was obtained even though complete plant removal was not immediately 
achieved with the resources available. Complete disappearance of P. cinnamomi from infested 
sites  can  only  be  expected  after  all  dormant  structures,  formed  prior  to  treatment,  have                                                                                            CHAPTER 7: GENERAL DISCUSSION 
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germinated then died due to the absence of living host material. Even though no recoveries 
were made on the second consecutive autumn post-eradication (at 28 months post-treatment), 
further surveys are required to check the longevity of the survival structures. For example, 
only a percentage of the oospores were observed to germinate at any one time, and it is likely 
stromata and chlamydospores will function similarly. In summary, the eradication method 
appears to be an effective method for eliminating P. cinnamomi from black gravel sites, but 
future work is needed to determine the maximum duration of viability of dormant structures, 
formed prior to eradication. 
7.7 Recommendations on control and management of Phytophthora 
cinnamomi 
These results suggest that when all vegetation is killed P. cinnamomi can be eradicated from a 
site once the reservoir of dormant structures has been exhausted. Some modifications of the 
technique used may speed up the elimination of P. cinnamomi on black gravel sites. Pulling 
out and destroying dead plants or removing them from the site would physically remove most 
of the dormant structures which are present in woody roots. Such actions may be appropriate 
in  horticultural  situations,  but  may  be  also  useful  with  small  spot  infestations  in  natural 
ecosystems.  
Optimisation of pre and post emergent herbicides to more efficiently kill existing plants and 
prevent seeds from the soil seed bank germinating may include subsurface irrigation (Dunstan 
et  al.  2010)  and  further  selection  of  more  efficient  herbicides  to  prevent  occasional 
resprouting of woody plants such as Hypocalymma angustifolia or persistence of species with 
tuberous root systems such as Chamaescilla corymbosa.  
Mechanical  root  barriers  preventing  roots  from  entering  eradicated  sites  and  fencing  to 
prevent  the  movement  of  animal  vectors  can  be  considered  depending  on  the  site 
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Complete eradication has to be evaluated against the conservation of protected plant species. 
However, it is suggested that even where species are rated resistant to P. cinnamomi infection 
they could be asymptomatic hosts so that to achieve eradication it is essential that all plants 
are removed.  
Overall, the present study has demonstrated that the eradication method has potential and 
supports recent research which has shown, with high probability, that P. cinnamomi can be 
contained and eradicated from spot infestations in native vegetation growing in sandy soils 
with good drainage (Dunstan et al. 2010), and can be especially useful when treating small 
spot infestations before wider establishment of the pathogen. Compared with free draining 
soils, consideration needs to be given to manage the potential movement of zoospores from 
non-treated sites along the surface of the impermeable duricrust layer typical of black gravel 
sites.  
The current study shows that fumigation of the sites was not necessary and that application of 
herbicides with no other treatments was sufficient. This is advantageous from the perspective 
of a possible reintroduction of the pathogen as the antagonistic microflora is less impacted by 
herbicides compared to a temporary biological vacuum created by fumigants which allows 
increased pathogen inoculum levels to develop if the pathogen is introduced back into the 
system  soon  after  fumigant  treatment  (Marois  and  Mitchell  1981).  Even  if  eradication  is 
successful, consideration must be given to possible reintroduction via water flow or animal 
and  human  vectors.  Therefore,  when  rehabilitating  these  sites,  it  is  advised  that  the  P. 
cinnamomi-resistant clonal micropropagated lines of Eucalyptus marginata (Stukely  et al. 
2007) should be used. As there are no resistant clones of other important susceptible jarrah 
forest  species  available,  future  work  should  screen,  breed  and  propagate  disease  resistant 
clones of these species. In the meanwhile, it would also be helpful to induce plant resistance 
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of  phosphite  have  been  discussed,  and  include  P.  cinnamomi  isolates  that  may  develop 
resistance to phosphite and increased phosphorous levels which would become available as 
plants senesce or are burnt by bushfire. Increased levels of phosphorous can be detrimental to 
many Australian native species such as members of the Proteaceae which have evolved to 
grow in soils low in phosphorous (Ahmedi 2012). Novel chemicals capable of inducing plant 
resistance, such as benzoic acid (Williams et al. 2003) along with those specifically inhibiting 
the pathogen (Hardham 2005) should also be available for application after evaluation in the 
future.  
Further, as the pathogen persists in asymptomatic annual and herbaceous perennial species, it 
is recommended that disease mapping should include testing of these plants, especially in 
areas where susceptible indicator species such as Banksia grandis have disappeared. 
As results were obtained from relatively old dieback sites, where the large and deep root 
systems of susceptible trees have been dead for many years, eradication is likely to have been 
particularly  efficacious  as  the  pathogen  is  unlikely  to  be  surviving  in  long-dead  roots.  
Therefore, on younger dieback sites, the pathogen could be surviving in the roots of recently 
dead susceptible species. If this is the case, it is likely that a longer time will be required to 
eliminate the pathogen from a site after herbicide application.  
The  methods  used  to  eradicate  P.  cinnamomi  in  this  study  are  also  applicable  to  other 
ecosystems in Australia and elsewhere.  The methods are also applicable to stock-piled bulk 
soils  such  as  those  created  during  bauxite  mining  and  restoration  of  the  jarrah  forest 
(Colquhoun and Hardy 2000), organic substrates used in container media, sand and gravel.  In 
all  cases  it  is  critical  to  keep  all  stockpiles  free  of  living  plant  material  to  ensure  any 
germinating oospores, chlamydospores and stromata are unable to find living host material to 
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some intermittent dry periods providing conditions conducive for the pathogens‘ growth and 
dormancy breakage whilst keeping them completely plant-free.  
7.8 Comparison of field observations with inoculation experiments 
As discussed earlier, the pathogen plant interaction depends on a range of biotic and abiotic 
factors, so as far as possible assessment should be undertaken in the natural environment. 
However, in light of a large percentage of plant species whose response to  Phytophthora 
cinnamomi is still unknown (especially annual and herbaceous perennial plant species), an 
assessment  of  whether  a  species  is  resistant,  susceptible  or  an  asymptomatic  host  by 
controlled experiments offers distinct advantages. One of the advantages is that inoculation 
experiments  in  the  laboratory  or  the  glasshouse  allow  for  rapid  screening  of  their 
susceptibility and can be conducted under conducive conditions all year, unlike those under 
natural conditions where season is a constraining and limiting factor in such studies.  
7.8.1 Infection frequency and susceptibility 
Overall,  the  inoculation  experiments  on  annual  and  herbaceous  perennials  were  a  good 
reflection  of  the  response  to  Phytophthora  cinnamomi  on  the  black  gravel  sites.  In  both 
situations,  it  was  found  that  these  plants  are  hosts  of  the  pathogen  and  that  most  were 
asymptomatically infected. Whilst the hydroponics system provided optimum conditions for 
infection  and  resulted  in  a  100%  infection  frequency  of  almost  every  plant  species,  best 
experimental predictions were made when the experimental conditions closely simulated the 
natural environment. However, this requires the timing of the experiment to be synchronised 
with the natural environment. In the experiments using  Trachymene pilosa, Rytidosperma 
caespitosum and Podotheca angustifolia seeds sown in pots with pasteurised black gravel soil 
outdoors which germinated and developed synchronously with those on the black gravel sites, 
the ranking of recovery frequency was the same as observed on black gravel sites. T. pilosa                                                                                            CHAPTER 7: GENERAL DISCUSSION 
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had 94% of plants infected, R. caespitosum (92%) and P. angustifolia (12.5%). However, 
under  natural  conditions,  there  was  an  overall  lower  recovery  frequency  for  T.  pilosa  of 
16.6%, R. caespitosum 11.1% and P. angustifolia 1.7%. In terms of susceptibility, there was 
only one discrepancy. Whilst many individuals of T. pilosa collapsed and wilted one week 
after infection in the controlled experiments, the species remained symptomless in the natural 
environment despite extensive colonisation by the pathogen. This difference might have been 
due  to  lower  soil  maximum  temperatures  on  the  black  gravel  sites  compared  to  those 
experienced in black gravel soils in pots (Table 4.3). Roots of seedlings growing in pots were 
less buffered and exposed to higher temperatures when plants were small and were hence 
possibly more vulnerable to the pathogen. It appears that T. pilosa remains alive, if at the 
cotyledon stage soil and root temperatures are lower than 16ºC (as measured on the black 
gravel  site)  which  was  not  the  case  for  the  hydroponics  experiment  (21ºC  +/-1ºC  room 
temperature; Chapter 3), the glasshouse experiment (24ºC +/- 2ºC air temperature; Chapter 4) 
or the outdoor pot experiment in June 2011 (total of 3.5h above 20ºC during the first week 
after inoculation; Chapter 4). The observation that the more sun-exposed replicate in the pot 
trial resulted in more deaths of T. pilosa further supports that differences in susceptibility 
were temperature related. Temperature has  been identified as  an important  environmental 
factor influencing plant susceptibility. Besides the direct correlation between temperature and 
pathogen  activity,  it  has  been  noticed  in  previous  research  that  temperature  also  changes 
susceptibility in plant species. For example, Eucalyptus marginata (jarrah) has been found to 
be susceptible at 28°C, but tolerant to P. cinnamomi infection at 14°C, whereas the reverse 
applies to the avocado tree (Persea americana) (Weste and Marks 1987). It has been shown 
with Phytophthora ramorum in Quercus agrifolia that temperature is linked with the rate of 
host metabolism and cambial activity which enhances disease impact at higher rates (Dodd et 
al. 2008). Therefore, in the current study, it is likely that plants in the natural environment had                                                                                            CHAPTER 7: GENERAL DISCUSSION 
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a lower metabolism rate during the vulnerable cotyledon stage due to lower soil temperatures 
and  were  consequently  less  prone  to  being  killed  by  the  extensive  proliferation  of  the 
pathogen. Once soil temperatures in the natural black gravel environment rose above 20°C in 
early September 2011, individuals of T. pilosa were already flowering and had passed their 
vulnerable developmental stage.  
Cahill et al. (2008) also discussed that potential genotypic variations within the same plant 
species could lead to different responses to P. cinnamomi infection. The purchased seeds of T. 
pilosa used in the experiments were from a provenance outside the black gravels sites. When 
sown in P. cinnamomi active locations on the black gravel site these did not collapse in the 
natural environment, equal to the local population (pers. observation).  
Because  a  local  black  gravel  isolate  of  P.  cinnamomi  was  used  for  the  inoculation 
experiments, it can be excluded that variations between controlled experiments and the natural 
environment are caused by differing aggressiveness of isolates of the pathogen (Dudzinski et 
al.  1993).    No  obvious  differences  in  aggressiveness  were  observed  between  the 
representative black gravel isolates kept in storage (GenBank Accession No. JX113308 to 
JX113314, JX454789). 
7.8.2 Propagules of Phytophthora cinnamomi 
Every  structure  observed  in  the  inoculation  experiment  was  also  observed  in  the  natural 
environment. However, frequencies differed. The experiments under controlled conditions did 
not result in formation of large numbers of stromata and selfed oospores compared to their 
large number in annuals and herbaceous perennial plant species on the black gravel site. This 
is most likely due to lack of stress, as oospores are reported to form under abiotic stress 
(Reeves  and  Jackson  1974),  presence  of  other  organisms  that  induce  selfing  (likely 
representing biotic stress) such as  several  Trichoderma species (Brasier 1975) or through 
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in the pasteurised black gravel soil were not in contact with a microflora which could trigger 
the production of oospores. Lack of time to form oospores was not considered to be a limiting 
factor, as the 56dpi harvests of the glasshouse and the 85dpi harvests in the synchronised 
experiment outdoors did yield the pathogen, but did not contain oospores.  
 
7.9 Wider application of findings 
7.9.1 Phytophthora cinnamomi in ecosystems other than black gravel sites 
Most of the plant species from which Phytophthora cinnamomi was recovered on the black 
gravel site have a distribution wider than the jarrah forest and three are also widespread as 
introduced weeds (Table 7.1). More than half of the jarrah forest species listed also occur in 
all seven bioregions of the south-west Botanical Province of Western Australia and several 
are also present in other Australian states (Table 7.1). These more widely distributed species 
could be also hosts for the pathogen in other conducive regions where annual rainfall exceeds 
400mm (Cahill et al. 2008).  
Table 7.1: Occurrence of plant species tested positive for Phytophthora cinnamomi on the black gravel 
locations in other bioregions of south-west Western Australia (Florabase) and outside WA (McDougall 
2005, Flora Australia). 
Species  JF  SWA  AW  WAR  ESP  MAL  GS  States 
ANNUALS 
           
     
Crassula closiana   +  +  +   
 
+    +    +    WA only 
Hydrocotyle callicarpa  +    +   +   +   +   +  +   ? 
Hypochaeris glabra*  +  +   +   +   +   +   +   n,s,t,v,q 
Levenhookia pusilla  +    +   +   +   +   +   +   s 
Lysimachia arvensis*   +    +   +   +   +   +   +   ? 
Pentameris airoides*   +    +   +  
 
+   +   +   ? 
Podotheca angustifolia  +    +   +   +   +   +   +   n,s,t,v 
Pterochaeta paniculata  +    +   +  
 
+   +   +   WA only 
Siloxerus multiflorus  +   +    +   
 
+    +    +    WA only 
Trachymene pilosa  +    +   +   +   +   +   +   WA only 
HERBACEOUS PERENNIALS 
           
     
Chamaescilla corymbosa  +   +   +   +   +   +   +   n,s,t,v 
Drosera bulbosa  +   +   +  
 
+   +  +   WA only 
Paracaleana nigrita  +   +   +   +   +  
 
   WA only 
Rytidosperma caespitosum  +   +   +   +   +   +   +   n,s,t,v 
Stylidium diuroides  +   +   +      +   +   +   WA only 
*:weed; +: present; JF: Jarrah forest; SWA: Swan Coastal Plain; AW: Avon wheatbelt; ESP:  
Esperance plains; MAL: Mallee; GS: Geraldton Sandplains; n: New South Wales; s: South 
Australia; t: Tasmania; v: Victoria; nt: Northern Territory, q: Queensland                                                                                             CHAPTER 7: GENERAL DISCUSSION 
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7.9.2 Other potential host plants and interaction with P. cinnamomi 
It  would  be  desirable  to  assess  more  annual  and  herbaceous  perennial  species  including 
‗resistant‘ Restionaceae and Cyperaceae, which are common on dieback sites, to determine 
whether they are asymptomatic hosts of the pathogen. A recent report of the asymptomatic 
annual Vicia sativa (Serrano et al. 2012) from a European Mediterranean ecosystem support 
the hypothesis that on a global scale, more annual and herbaceous perennial plant species 
might  be  asymptomatic  hosts  of  P.  cinnamomi.  Likewise,  woody  perennials  of  unknown 
status or those regarded as resistant or tolerant could be asymptomatic hosts. Future research 
should also re-assess susceptible woody plants in their ability to trigger oospore formation. It 
is possible, that selfed oospores are more common in natural environments than commonly 
assumed.  They  might  have  been  overseen  in  previous  research  on  susceptible  woody 
perennials, as these roots are more difficult to work with due to the quantity of roots per 
individual, possibly incomplete excavation, and also their dark pigmentation, bigger diameter 
and woodiness. Oospores have been reported in a few woody perennials such as naturally 
infected roots of Persea americana (Mircetich and Zentmyer 1966) and it is known that the 
woody legume species Acacia pulchella can trigger oospore formation in inoculated Lupinus 
angustifolius roots buried in close proximity (Jayasekera et al. 2007).   
 
7.9.3 The role of annuals and herbaceous perennials for other Phytophthora species  
Whilst the importance of annual and herbaceous perennial plant species for  Phytophthora 
cinnamomi  has  been  shown,  future  studies  should  also  consider  their  possible  role  as 
asymptomatic hosts for other Phytophthora species, especially those which are considered to 
be serious pathogens for ecosystems.                                                                                            CHAPTER 7: GENERAL DISCUSSION 
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7.10 Conclusion 
The findings of this study have contributed significantly to our understanding of the life cycle 
of Phytophthora cinnamomi. They have significance per se as well as practical implications 
for management, or eradication of this pathogen without the need of soil fumigation.  The 
identification of annuals and herbaceous perennials as mostly asymptomatic hosts has helped 
to explain the persistence of P. cinnamomi in areas in which susceptible woody plant species 
have been removed by the pathogen. Within the root system of these newly identified hosts, 
stromata, oospores and thick-walled chlamydospores were found in significant numbers and 
can act as survival propagules.  The observation of stromata is novel for P. cinnamomi. It was 
also demonstrated that the generally accepted and long-standing assumption that oospores are 
not produced in most natural environments is incorrect. This study has clearly shown that P. 
cinnamomi is an extremely ‗plastic‘ organism and has developed the ability to grow as an 
endophytic biotroph or as a necrotroph in different hosts.  
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